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FOREWORD 


This  study  was  conducted  by  the  Techniques  Section 
of  the  Electronic  Tube  Division,  Sperry  Gyroscope  Company 
Division  of  Sperry  Rand  Corporation,  Great  Neck,  New  York. 
The  Sperry  Materials  Laboratory  also  participated  in  the 
program}  this  j:roap  was  responsible  for  rhe  stress  analysis 
portion  of  the  study  and  for  other  metallurgical  and 
measurement  aspects.  Sincere  appreciation  is  expressed 
to  Lt.  Charles  Martin  of  RADC,  the  Contract  Officer} 

Mr.  James  McLindtm  of  Sperry,  Techniques  Section  Head} 

Mr.  Frank  Vanderveer  of  the  Sperry  Materials  Laboratory} 
and  to  the  many  other  individuals  whose  contributions 
made  tho  work  possible. 
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ABSTRACT 


To  achieve  ceramic-to-metal  seals  deraonst rating 
strengths  as  high  as  the  ceramic  member  itself  required  a 
thorough  testing  program  for  their  measurement  and  evalua¬ 
tion.  A  study  was  also  conducted  on  the  analytical  and 
experimental  nature  of  seal  stresses. 

A  literature  survey  on  ceramic -to-metal  sealing 
techniques!  adherence  theory,  and  allied  systems  disclosed 
limited  published  work  and  no  procedures  for  achieving 
ultra-hlgh-strerxgth  seals  or  seals  to  pure  high  alumina . 
Reported  work  on  adnerence  mechanisms  is  limited  to 
chemical  raacticn  and  molybdenum  oxide  reaction  theories. 

Two  additional  theories  were  formulated  for  this 
study— one  proposing  the  migration  of  the  glass  in  the 
ceramic  into  the  metallizing  mixture,  and  the  other 
recognizing  the  need  for  promoting  metalllzirg  ..intering. 
These  theories,  together  with  thermodynamic  and  equilibrium 
calculations,  allowed  200  metallizing  compositions  to  be 
fornr  lated. 

Three  sintering  temperatures  were  chosen, 
depending  on  composition,  for  each  of  the  200  metallizing 
mixtures.  Each  mixtiire  was  applied  to  specimens  of  94--, 

96-,  and  99*6-percant  alumina.  Testing  involved  a  screening 
technique  whereby  the  most  promising  compositions  wera 
carried  through  to  increasingly  refined  test  techniques 
(scratch  and  peel,  circumferential  seal,  and  finally  tensile 
tests).  Approximately  3200  specimens  were  prepared  and 
tested. 


The  tensile  test  specimen  was  redesigned  to  eliminate 
snoiilder  breaks  when  evaluating  ultra -high-sti'onptn  seals. 

A  photoelastic  study  was  made  to  learn  more  about  stress 
distribution  in  this  specimen. 

Extremely  strong  seals  were  developed  for  all  the 
ceramic  bodies  considered.  A  ’•■'.Je  variety  of  sealing  com¬ 
positions  was  disclosed  which  produced  seals  stronger  than 
those  previously  reported.  Careful  analysis  of  the  data 
indicated  that  the  Glass  Migration  Theory  should  receive  ~ 
careful  consideration  and  that  simple  chemical  reactions  were 
not  enough  to  explain  seal  adherence. 

A  stuuy  was  made  of  the  origin  and  nature  of  seal 
stresses  resulting  from  the  dissimilar  physical  properties 
of  metals  and  ceramics.  A  method  to  calculate  stresses  in 
ceramlc-to-metal  seals  is  theorized.  Measurements  of  the 
properties  of  the  metal  and  of  resldtial  stresses  in  seals 
were  made,  showing  excellent  agreement  with  calculated 
stresses . 
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SECTION  A 


imuKJCTION 

1.  PURPOSE  OF  PROGRAi-I 

This  final  report,  discussing  a  study  of  matal-to- 
ceramlc  seal  technology,  has  been  prepared  for  the  U.S.  Air 
Force  Air  Research  and  Development  Command  by  the  Sperry 
Gyroscope  Company  Division  of  Sperry  Rand  Corporation,  Great 
Neck,  New  York.  The  work  described  herein  was  performed 
under  Contract  No.  AF30(602)2047  during  the  period  22  Jime 
1959  to  22  September  I960. 

The  objective  of  this  study  was  tc  advance  ceramlc- 
to-metal  seal  technology  to  the  point  where  stronger  seals— 
seals  with  bond  strengths  approaching  tensile  strengths  of 
25,000  psi,  the  strength  of  the  ceramic  member — could  be  de¬ 
veloped  and  produced.  It  was  anticipated  that  through 
theoretical  and  experimental  investigations,  seals  would  be 
developed  which  not  only  were  stronger  as  far  as  bond  strength 
was  concerned,  but  also  would  be  mono  satisfactory  in  meeting 
the  ■  '-ands  for  increased  electrical,  mechanical,  and  thermal 
requirements  which  are  being  Imposed  by  present  and  future 
high-performance  eleccronlc-tube  applications. 

Two  major  directions  were  explored  to  fulfill  the 
goal  of  the  program.  The  first  was  a  compilation  of  possible 
metallizing  mlxtxires  through  theoretical  considerations  such 
as  high-temperature  phase  equilibria,  thermodynamics,  and 
equilibria  calculations,  with  subs=*quent  experimental  fabrica¬ 
tion  and  testing  of  200  of  the  most  promising  mlxtiires.  The 
second  direction  was  an  analytic  and  experimental  investigation 
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of  Che  stresses  developed  at  the  ceramic-metal  Interface  due 
to  differences  in  the  coefficients  of  trerma]  expansion  of  the 
metals  and  the  ceramics.  High-temperature  propej’ties  of 
several  metals  and  ceramics  were  measured,  and  stresses  in  tne 
ceramic-metal  Interface  were  predicted  on  the  basis  of  these 
data.  A  method  of  calculating  stresses  knowing  the  physical  - 
properties  of  the  materials  involved  was  determined.  Tnese 
calculated  stresses  were  then  compared  with  stresses  actually 
meastired  in  fabricated  ceraS'lc-to-metal  seal  assemblies. 

Two  technical  papers  resulted  from  this  contract 
and  a  third  is  anticipated.  These  were  "Theory  of  Adherence 
in  Ceramic-to-Metal  Seals"  by  S.S.  Cole,  Jr.,  and  H«W. 

Larlsch,  presented  at  the  Fifth  Tube  Techxilques  Conference j 
"The  Glass  Migration  Mechanism  of  Ceramic -to-Metal  Seal 
Adherence"  by  S.S.  Cole,  Jr.,  and  G.  Sommer,  presented  at  the 
Electronic  Division  of  the  American  Ceramic  Society;  and 
"The  Calculation  of  Stress  in  Coramic-to-Metal  Seals"  by 
S.S.  Cola,  Jr.,  and  S.  Inga,  which  is  proposed  for  presenta¬ 
tion  at  the  Ann'oal  Meeting  of  the  American  Ceramic  Society. 

2.  PHASES  OF  THE  PROGRAM 

The  goal  of  this  program  was  achieved  through  six 
ma,1or  phases  of  study,  the  first  five  of  which  were  intimately 
inturdependent .  These  were  as  follows i 

a.  Phase  I  -  Literature  Survey  and  Analysis  -  A  general 
survey  was  made  of  all  literature  related  to  ceramic-to-metal 
seal  technology.  This  survey  included  a  study  of  ceramic- 
metal  reactions  which  were  not  necessarily  related  to  conunon 
seal  technology,  but  were  useful  In  gaining  more  fundamental 
knowledge  concerning  bond  mechanisms. 


2 


t.  Pnasa  II  -  Metalliaing  Investigation  -  A  conprehensive 
investigation  of  metallizing  materials  and  their  fabrication, 
application,  and  processing  liak  conducted.  Pha-e  eq’ollibria, 
thermodyi^amlcs,  and  previous  work  in  this  field  were  considered. 
Two  hundred  experimental  metallizing  compositions  were  prepared 
and  tested  by  a  series  of  successfully  refined  tests.  Efforts 
were  made  to  relate  data  to  the  nature  of  the  bond  mechanism 
or  mechanisms  between  various  metallizing  material"  ".nd 
ceramics. 

c.  Phase  III  -  Brazing  Investigation  -  An  Investigation  of 
the  effect  of  solders,  their  composition,  thickness,  time  in 
the  liquid  state,  the  effect  of  weights,  and  the  role  of  the 
metal  members  on  brazing  was  planned.  However,  this  phase  was 
net  necessary  to  fulfill  the  pu-  a  of  the  program.  Conven¬ 
tional  brazing  techniques  were  ; .  i  capable  of  producing  the 
desired  strengths  provided  a  mebaxlizlng  mixture  was  properly 

I 

sintered  onto  any  particular  ceramic  in  question. 

d.  Phase  IV  -  Testing  Investigation  -  A  broad  and  definitive 
testing  program  was  undertaken  to  evaluate  testing  techniques 
and  variables.  Testing  methods  included  the  torque  peel, 

drur  peel,  tensile,  and  compression  tests,  and  also  the  leak 
checking  of  compression-test  assemblies.  A  comparison  of 
testing  methods  was  conducted  on  a  standardized  metallizing 
mixture,  which  was  applied,  sintered,  and  brazed  under 
standardized  conditions.  The  results  of  this  comparison  were 
statistically  analyzed. 

e.  Phase  V  -  Temperature  Investigation  -  This  phase  was  a 
study  of  the  effect  of  tempex-aturo  cycling  on  seal  igtb 
and  seal  vacuum  tightness  from  sub-zero  to  elevated 
temperatures. 
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f.  Phase  VI  -  Stress  Investigation  -  A  study  of  the  stresses 
involved  in  simple  ceramic-to-metal  seal  structures  due  to 
differences  between  the  thermal  expansio;.  rates  of  metals  and 
of  ceramics  was  conducted.  To  gain  basic  knowledge  in  these 
areas,  comparisons  were  made  between  calculated  and  measured 
stresses  in  ceramic-to-metal  seal  assemblies. 
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SECTION  B 


DISCUSSION  . 

3.  PHASE  I  -  LITERATURE  SURVEY  AMD  ANALYSIS 
a.  Introduction 

Phase  I  consisted  of  a  reviow  of  published  literature 
concerning  ceramlc-to-nstal  seals,  with  particular  enphasls 
direct  I  toward  the  refractory-metal  process  because  of  its 
vide  use  in  the  electronic -tube  Industry.  To  metallize 
metal-ceramic  seal.**  by  the  refractory-metal  process,  a  thin 
coating  of  finely  ground  metal  particles  is  placed  on  the 
ceramic  surface  and  heated  to  temperatures  in  the  range  of 
1200®C  to  1300"C.  During  the  heating  process,  the  astal 
particles  sinter  and  adhere  to  the  ceramic  and  to  each  other. 

The  result  is  a  hard,  rough  coating  to  which  other  netals  can 
be  bonded.  The  metallizing  is  electrically  conductive}  but 
because  of  its  exireme  thinness-  it  does  not  lend  itself  to 
the  common  metal-working  processes  such  as  machining  or  drilling. 

A  wide  variety  of  metals  were  foimd  satisfactory 
for  the  metallizing  process.  Historically,  the  flJ-st  refrac¬ 
tory-metal  Sa'dis  were  composed  of  molybdenum  or  tungsten 
metal  and  Iron.^’'*  Various  additions  were  made  to  the 
molybdenum  or  tungsten.  Including  manganese,  titanium, 
nickel,  iron  oxide,  manganese  oxide,  and  glasses.  In  addition 
to  being  carried  out  in  a  vacuum,  the  sintering  process  was 
conducted  in  atmospheres  of  hydrogen,  argon,  dissociated 
ammonia,  producer  gas,  and  natiiral  gas. 


♦The  references  cited  are  located  in  t-.e  Bibliography  following 
the  text. 
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The  investigation  of  adherence  mechanisms  revealed  a 
state  of  considerable  complexity  and  one  not  easily  satisfied 
by  any  single  theory.  This  condition  was  -further  complicated 
by  the  fact  that  within  the  rofractcry-metal  or  Tolefunken 
sealing  group  there  are  several  basic  types  of  metallizing 
mixtures  which  are  placed  on  various  high-alumina  ceramics 
(ranging  from  85-percent  to  almost  100-percent  alumina) .  It 
is  likely  that  different  adherence  mechanisms  are  operative 
as  the  metallizing  types  and  alun.-'na  content  of  a  body  are 
changed. 

b.  Alumina  Reaction  Theory  of  Adherence 

The  earliest  references  of  adhering  molybdenum  and 

4— 10 

tungsten  seals  to  ceramics  are  by  H.  Pulfrich  and 
H.  Vatter^^"^^.  Working  basically  with  steatite  rather  than 
high-alumina  bodies,  Pulfrich  was  nevertheless  aware  of  the 
role  of  chemical  reactions  and  liquid  phases.  He  recognized 
the  need  to  heat  the  metallizing  to  temperatxires  w.hich  ap¬ 
proach  softening  or  eutectic  ooints  in  the  cereunic.  Pulfrich 
stated  that  the  furnace  atmosphere  should  contain  sufficient 
hydrogen  to  maintain  most  of  the  molybdenum  as  a  metal,  but 
also  sufficient  oxygen  (about  0.25  percent)  to  form  a  trace 
of  molybdenum  oxide.  This  oxide  was  said  to  melt  and  flow  to 
the  ceramic  surface  'ind  there  promote  bonding.  The  possi¬ 
bility  that  adherence  jiiay  be  due  to  the  glassy  phase  of  the 
ceramic  was  also  recognized. 

In  1953 »  Plncus,  after  considering  some  basic 
c.hemlcal  reactions  and  after  several  microscopic  observations, 
drew  some  basic  conclusions^^.  He  postulated  that  manganese 
in  a  wet  hydrogen  atmosphere  will  oxidize  to  manganous  oxide, 
a  reaction  completed  at  1000®C.  As  the  temperature  increases. 


6 


a  solid-state  reaction  begins  to  form  the  compound  manganese 
aluminata,  MnO'AlgO^,  also  called  manganese  spinel.  A  jfurther 
increase  in  temperature  produces  a  molten  ^r  slag  condition  of 
this  compound  at  the  ceramic-metal  Interface.  At  1400*C,  an 
appreciable  sintering  of  molybdenum  particles  to  each  other 
has  taken  place,  and  the  spinel  has  begun  to  lock  tnis 
hardened  layer  to  the  ceramic.  Increasing  the  temperature 
further  causes  the  mass  of  manganese  spinel  to  begin  to 
crystallize,  thereby  forming  galaxlte,  a  second  crystalline 
form  of  spinel.  FinaHy,  precipitation  of  corundum  (AlgO^) 
crystals  will  occur.  This  precipitation,  Plncus  advccates, 
heralds  the  general  weakening  of  the  seal. 

The  Alumina  Reaction  Theory  predicts  that  seals 
made  to  a  100-par cent  alumina  body  should  be  as  strong,  or 
stronger,  than  those  made  to  a  90-percant  alumina  body. 
Experimentally  it  has  been  \inlver3ally  observed  that  as  the 
alumina  content  Increases  seals  become  more  difficult  to  make. 

In  a  later  paper  on  adherence  mechanisms,  Pincus 
postulated  that,  bonds  between  pure  molybdeniun  and  high-alumina 
ceramics,  though  weak,  were  chemical  in  nature  and  depended 

xfl 

upon  a  reaction  between  molybdonum  oxide  and  aluminum  oxide  . 
A  niL'aber  of  reasons  exist  ./hlch  cause  certain  doubt. 

Molybdenum  oxide,  either  M0O2  or  MoO^,  has  nev.^r  been  reported 
as  occurring  after  firing  molybdenum  metal  in  a  hydrogen 
atmosphere.  An  argument  has  been  put  forth  that  hydrogen 
atmospheres  heavily  laden  with  water  vapor  will  supply  the 
necessary  oxygen  to  allow  the  reaction 

Mo  +  2H2O  - -  2H2  ♦  M0O2 

to  take  place.  Although  this  reaction  is  thermodynamically 
predictable  at  rather  low  temperatures^^"^^,  repeated  attempts 
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to  achieve  it  at  Sperry  and  at  other  organizations  have  failed. 
Even  if  the  oxide  is  formed,  for  example,  by  heating  in  air  or 
I  ,by  prolonged  low-temperature  heating  in  v.at  hydrogen,  it  is  so 
volatile  that  it  immediately  vaporlies  at  temperatures  higher 
than  600®C  to  700®C. 

An  immediate  question  concerns  the  purpose  of  water 
vapor  in  hydrogen  gas.  To  form  spinel,  it  is  necessary  to 
satisfy  the  reaction 

Mn  +  HgO  - -  MnO  +  Hg 

A  second  important  function  is  in  the  promotion  oi  sintering, 
as  water  vapors  are  known  to  aid  sintering  to  a  very  marked 
degree. 

It  is  questionable  whether  the  molybdenum-iron  system 
will  behave  the  same.  To  date,  no  work  has  been  reported, 
probably  because  of  the  comparatively  small  use  of  this  mixture. 
A  suspicion  that  there  is  considerable  complicity  in  this 
system  is  warranted  because  the  reaction 

i'e  +  Yl^O - —  FeO  +  Hg 

can  be  expected  to  be  highly  temperature  and  dew-point  sen¬ 
sitive,  as  predicted  by  thermodynamic  calculations. 

Denton  and  Rav/son  investigated  two  refractory-metal 
techniques,  namely  th'i  molybdenum-manganese  and  the  molybdlc 
trloxlde  techniques”^.  The  Importance  of  the  minor  constit¬ 
uents  of  the  ceramic  in  the  sealing  mechanism  la  pointed  out 
in  their  paper.  They  conclude  that  in  the  molybdenum-manganese 
technique,  acidic  oxides,  such  as  3102,  are  likely  to  have  an 
important  effect  on  the  metalllziiig  behavior  on  the  ceramic. 

In  the  molybdlc  trloxlde  technique,  however,  basic  oxides. 
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such  as  MgO  and  CaO,  may  be  more  important.  Denton  and  Rawson 
also  conclude  that  the  texture  of  the  ceramic  is  of  importance 
in  controlling  the  interaction  between  the  ceramic  and  the 
metallizing  layer,  fine  grain  ceramics  being,  in  general, 
easier  to  metallize.  The  Alumina  Reaction  Theory  is  supported 
by  these  researchers. 

c.  Glass  Phase  Migration  Theory  of  Adherence 

In  contrast  to  the  tyoe  of  mixture  in  which  15  to  30 
percent  of  the  mix  is  manganese,  iron,  or  some  other  metal, 
a  second  basic  metallizing  type  can  be  considered.  This  is 
the  group  in  which  the  metallizing  mixttira  is  '  rgely  molybdenum 
and  a  small  addition  of  an  active  naterlal,  u  ■  lly  tltanlm. 
Working  with  a  mix  of  94-percent  molybdeniaa  an.  •  ent 
tltaniiam.  Cole  and  Hynes  investigated  the  effec  amie 

composition  on  seal  strength^^.  This  work  sugg< 
dependence  of  seal  strength  on  both  glass  content  and  glass 
composition  within  the  high-alumina  body.  No  attempt  was  made 
to  theorize  a  sealing  mechanism,  although  subsequent  studies 
pointed  to  a  very  probable  mechatiism  in  this  system.  Titanium, 
like  manganese,  will  readily  form  an  oxide  in  a  wet  hydrogen 
atmosphere  according  to  the  reaction 

Tt  ♦  2H2O  - -  TlOg  +-2H2 

It  is  very  probable  that  the  titanium  dioxide  enters 
the  glassy  phase  of  the  ceramic  and  causes  a  reduction  in 
viscosity.  This,  in  turn,  enables  the  glass  to  flow  slightly 
and  enter  the  interstices  of  the  molybdemua  coating.  Micro¬ 
scopic  examinations  supported  this  theory;  in  addition,  the 
decrease  in  seal  strength  with  increasing  alumina  content  is 
predictable . 
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d.  Other  Factors  Affecting  Adherence 

Although  adherence  of  the  molybdenum  to  the  ceramic 
is  the  most  elusive  aspect  of  ceramic  ssi/.s,  ti-.ere  are  other 
facts  to  consider.  The  plating  of  the  molybdenxmi  coating 
adheres  to  the  metallized  coating  because  of  mechanical  means. 
This  plating  is  not  well  bended  and  may  be  easily  peeled  off 
If  it  Is  allowed  to  become  too  rhick.  If|  however^  the  plated 
coating  is  fired,  a  solid-state  sintering  reaction  occurs 
between  the  molybdenum  partlclfs  adhering  to  the  ceramic  and 
the  plated  metal.  The  rough  and  somewhat  porous  molybdentuB 
boundary  layer,  into  which  the  plated  metal  has  diffused,  can 
be  seen  under  a  microscope.  It  was  observed  that  this  diffusion 
is  substantially  increased  by  firing  the  coating. 

Whether  or  not  the  plate  is  fired  prior  to  brazing 
is  a  disputable  question,  because  it  londergoes  a  .heating  opera¬ 
tion  during  brazir^.  What  actxially  happens  dioring  brazing 
depends  mainly  on  what  solders  and  plates  have  been  chosen. 

Tf  copper  plate  and  copper  solder  are  used,  both  will  melt  and 
enter  the  porous  molybdenum  coating  heavily.  If  a  higher 
melting  plate  is  used  (for  example,  copper-plated  metal  member 
and  silver-copper  eutectic  solder,  or  nickel-plated  metal 
mem'^er  and  copper  solder) ,  the  occurrences  in  brazing  are 
complicated.  Phase  diagrams  found  in  the  Metals  Handbook 
are  helpful  in  this  respect.  In  general,  the  solder  will  react 
with  the  plate  and  the  final  alloy  can  be  roughly  estimated  by 
use  of  the  phase  diagrams.  The  degree  of  reaction  will  be 
deterained  by  the  plating  thickness  and  by  the  amount  of  time 
the  solder  is  allowed  to  remain  liquid.  Usually  a  microscopic 
examination  of  the  seal  will  not  show  any  trace  of  the  plate. 
However,  this  is  not  always  true}  occasionally  the  resulting 
graded  alloy  will  be  seen,  or  t.he  plate  can  be  observed  to  be 
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nearly  itnaffected  by  the  solder.  Concern  about  the  intricacies 
of  the  brazing  operation  becomes  a  secondary  problem  because 
seals  have  been  found  to  fall  repeatedly  at  tr.e  oeramlc-to-metal 
interface. 

e.  Related  Systems  and  Porcelain-Enamel  Reactions 

Soma  qualitative  Information  from  related  systems, 
such  as  the  fabrication  of  cermets,  and  also  from  porcelaln- 
enamal  reactions  aided  In  tne  u.iderstandlng  of  seal  mechanicms. 
The  reactions  which  take  place  dtirlng  the  formation  of  cermet 
bodies  occur.  In  the  majority  of  cases,  between  ceramic-type 
materials  such  as  titanium  or  silicon  carbide,  and  metals 
such  as  Iron,  nickel,  and  chromium  and/or  alloys  such  as 
Haynes  Alloy  No.  1,  Haynes  Alloy  No.  25>  and  Ni chrome.  These 
reactions  Involve  the  dispersing  of  the  ceramic  constituent 
in  the  form  of  grains  within  a  continuous  metallic  phase. 

The  dispersing  takes  place  during  a  liquid- or  solld-sta;e 
sintering  operations  such  as  (1)  hot  presslijg  (simultaneous 
heating  and  pressing  in  an  induction  furnace  in  the  presence 
of  a  protective  atmosphere),  (2)  cold  pressing  and  subsequent 
sintering  in  a  protective  atmosphere  furnace,  or  (3)  vacuum 
infiltration  (diffusion  of  metal  or  alloy  into  a  ceramlc- 
type  porous  skeleton  m.'  lal  in  a  vacuum  furnace). 

Porcelain-enamel  reactions  occurring  In  the  fusing 
of  fritted  glasses  to  hot-rolled  enameling  iron  Involve  the 
interaction  of  oxides,  carbonates,  nitrates,  and  fluorides 
(after  their  smelting,  In  which  case  the  less  scable  carbonates 
and  nitrates  are  converted  to  stable  oxides)  with  iron  and  its 
various  oxides  In  the  presence  of  heat.  The  adherence 
phenomena  piesent  after  these  reactions  hava  been  completed 
are  complex  and  subject  to  continual  review  and  debate. 

Neither  of  the  two  forementloned  fvl  'ects  seem  to  Involve  re-  . 
actions  of  alumina  and  metal  to  cny  ex'ent. 
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4.  PIIASE  II  -  MmLJ.I/T?IG  INVESTIGATION 

a.  Investlgatlu'.  Lti^lgn 

The  metallizing  Investigation,  one  of  tne  major 
efforts  In  this  study,  v/as  developed  around  five  basic  sealing 
mechanisms.  These  aret 

•  The  Alumina  Reaction  Theory,  which  depends  on  a 
chemical  react lc‘  of  the  metallizing  composition 
and  the  ceramic. 

•  The  Molybden^lffl  Oxide  Theory,  which  depends  on  the 
reaction  of  molybdentun  oxide  with  ceramic. 

•  The  Glass  Migration  Theory,  which  depends  on  glass 
migration  from  the  ceramic  into  the  metallizing 
coating. 

•  The  Molybdenxiffl  Sintering  Mechanism,  which  recognizes 
the  need  for  adequate  molybdenum  sintering. 

•  The  Glass  Additive  Mechanism,  which  suggests  that 
.cals  can  be  accomplished  by  adding  glass  to  the 
metallizing  composition. 

In  addition,  a  category  of  compositions  which  does 
not  appear  to  conform  to  any  theory,  but  which  has  been  reported 
to  be  of  high  seal  strength  was  Investigated. 

The  above  categories,  used  with  thermodynamic  and 
equlllbrlvm>dlagram  data  where  possible,  allovred  the  formulation 
of  the  200  metallizing  compositions  listed  In  the  various  tablei. 
In  the  Appendix.  These  compositions  were  determined  In  the 
following  manner. 
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(1)  Alumina  Reaction  Theory 

The  Alumina  Reaction  Theory,  as  proposed  by  A.  Pincus, 
predicts  a  compound  formation  between  the  alumine  and  one  of  the 
metals  used  in  the  metallising  mixtiires.  By  measuring  the  free 
energies  and  heats  of  formation  in  related  chemical  reactions, 

It  Is  possible  to  predict  whether  other  reactions  can  be  ex¬ 
pected  to  occur.  As  an  example  of  such  a  thermodynamic  pre¬ 
diction,  water  has  a  free  energy  of  formation  of  -52,360  calories 
per  mole*  at  a  temperature  of  500®K.  This  can  be  written  as 

Hg  +.^02— ►  H20}AF  =  -52,360  cal 

At  the  same  temperatxire,  the  reduction  of  tltanlian  dioxide  can  be 
written  as 

TiOg  -  T1  OgjAP  =  .-203,450  cal 

To  predict  the  reaction  of  titanium  metal  with  water 
vapor  or  hydrogen,  such  as  is  present  In  sintering  furnaces, 
the  above  reactions  are  added: 

2H2  +  Og  - »  2HgO}  AF  =  -104,720  cal 

TlOg  m  .  ..  T1  +  Og}  AF  =  +203,450  cal 

2Hg  +  T10g-« -  T1  +  2H2O1AF  =  +98,730  cal 

Because  thl.s  reaction  has  a  positive  free  energy.  It  WoJLl  proceed 
to  the  left,  forming  TlOg  at  500“K,  providing  there  Is  no  very 
large  excess  of  hydrogen  present.  However,  in  a  wet  hydrogen 
atmosphere,  a  large  excess  of  hydrogen  Is  present.  If  the 
water  content  becomes  low  enough,  the  reactloii  will  tend  to  drive 
to  the  right  despite  the  large  posltlveAF.  This  possibility 


*The  minus  sign  indicates  the  tendency  for  the  reaction  to  pro¬ 
ceed  to  the  right}  a  posltlveAF  Indicates  a  tendency  to  proceed 
to  the  left. 
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may  be  predicted  by  a  consideration  of  the  partial  pressures  of 
the  two  gases,  hydrogen  and  water  vapor,  which  are  present. 
These  factors  are  related  by  the  followluj  foiciJla: 

PH5O 

AF  =  -RT  In  (at  equilibrium) 

which  is  rewritten  as 

In  _  AF 

PH2  "  “  HT 

where 

PH2O  =  partial  pressure  water 

PH2  =  partial  pressure  hydrogen 

F  =  free  energy  of  reaction 
R  =  molar  gas  constant 
I  =  absolute  temperature 

If  ln(PH20/PIl2)  la  numei'icolly  greater  than  -AF/RT, 
the  eqtoatlon  will  not  be  satisfied  and  the  titanium  will  tend 
to  oxidize.  However,  if  ln(PH20/PH2)  is  less  than  -AF/RT, 
reduction  can  be  predicted.  At  a  dew  point  of  0“C, 

PH5O 

and  at  500"K, 

"4r  =  "98 

Oxidation  can  be  expected  because  IniPH^C/FH^)  is  numerically 
greater  than  -AF/RT.  Previously,  this  has  been  proven  valid 
by  experimental  means.  It  can  further  be  shown  that  a  dew¬ 
point  of  about  -lO^^C  is  required  at  5C0®K  to  cause  TiOg  to 
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rnrtuce.  As  in  all  cases,  it  must  be  pointed  out  that  thermo¬ 
dynamic  predictions  do  not  consider  reaction  rate  or  any  of 
several  other  factors  which  may  slow  or  stop  a  reaction  from 
proceeding}  these  are,  nevertheless,  very  accurate  predictions. 

Having  predicted  whether  an  oxide  or  a  metal  will  be 
present,  it  is  possible  to  predict  from  phase  diagrams  the 
reactivity  of  aluminum  oxide  with  other  oxides.  The  diagrams 
also  give  a  good  indication  of  the  temperatures  at  which  the 
reactions  can  be  expected  tc  occur.  Table  1*  lists  the  metals 
whose  oxides  will  react  with  aluminum  oxide,  their  tendency 
to  oxidize,  the  melting  point  of  the  metal  and  its  oxide, 
and  the  lowest  melting  eutectic  between  metallic 

oxide.  Prom  this  table,  compositions  have  been  formulated 
which  should  behave  according  to  th.e  alumina  reaction  mechan¬ 
ism.  These  are  shown  in  table  2. 

(2)  Molybdenum  Oxide  Theory 

The  second  category  (suggested  by  Plncus)  is  based 
on  the  chemical  reaction  between  the  primary  material  and 
the  ceramic.  This  would  involve,  for  example,  the  formation 
of  a  small  amount  of  molybdenum  oxide,  which  would  then  react 
in  Che  same  fashion  with  the  ceramic.  Table  3  lists  the 
compositions  containing  additions  of  MoO^  to  apply  this  theory 
of  adherence. 


(3)  wlass  Migration  Theory 

The  Glass  Migration  Theory,  which  recognizes  the 
Importance  of  the  glassy  phase  in  the  ceramic,  was  developed 


from  the  work  conducted  by  Cole  and  Hynes' 


It  is  proposed 


♦Tables  are  grouped  in  numerical  order  at  the  rear  of  the  report. 
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that  certain  metals,  such  as  titanltun,  after  having  oxidized 
in  a  wet  hydrogen  atmosphere  enter  the  glassy  phase  of  the 
ceramic  and  lower  the  viscosity  of  that  ^lass.  The  glass  is 
then  free  to  flow  out  slightly  and  lock  the  ceiaiiic  to  the 
somewhat  porous  molybuenm  coating  which  remains. 

An  entirely  different  direction  is  used  in  the 
approach  to  the  Glass  Migration  Theory.  Over  the  period  of  a 
great  many  years,  the  glass,  enamel,  and  glaze  manufacturers 
have  been  able  to  determine  thf  materials  which  are  known  to 
lower  the  viscosity  of  glasses;  a  substantial  list  of  materials 
has  evolved  which  is  suspected  to  affect  greatly  glass  vis¬ 
cosity.  These  are  shown  in  table  4  along  with  their  principal 
sources.  From  this  table,  compositions  were  made  which  should 
behave  according  to  the  theory  { see  table  5) • 

(4)  Molybdenum  Sintering  Mechani-?m 

The  sintering  mechanism  recognizes  the  need  for  ac¬ 
complishing  thorough  sintering  of  the  molybdenum  particles  and 
cells.  For  sintering  to  occur,  the  sintering  particles  must 
be  in  intimate  contact  with  each  other  so  that  bonding  can  take 
place  at  the  point  of  contact.  Theoretically,  anything  which 
would  Increase  this  contact  area  would  enhance  subsequent 
sintering  by  supplying  more  bonding  points.  Any  increase  in 
temperature  not  abo"e  the  melting  point  will  enhance  the 
sintering  rate  because  of  Increased  diffusion  rate  and  plastic 
deformation. 

From  the  standpoints  of  mutual  solubility,  crystal 
structure,  and  atomic  size,  the  following  elements  were  pre¬ 
dicted  for  addition:  titanium,  vanadium,  chromlm,  iron,  cobalt, 
nickel,  zirconium,  niobliun,  and  tantalus.  Of  these,  oid.y  iron. 
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nickel,  and  cobalt  will  not  oxidize  in  a  wet  hydrogen  atmos¬ 
phere  according  to  thermodynamic  calculations.  Compositions 
formulated  on  the  basis  of  these  considerations  aro  shown  in 
table  6. 

(5)  Glass  Additive  Mechanism 

This  mechanism  postulates  that  glassy  or  glass- 
forming  materials  can  be  added  to  a  metallizing  mixture  com¬ 
posed  basically  of  a  refractory  setal  such  as  molybdenum.  The 
glass  thus  added  is  then  able  to  fuse  to  both  the  ceramic  and 
the  metal  particles. 

A  series  of  compositions  based  on  the  Glass  Additive 
Mechanism  were  made  (table  7) •  They  were  largely  determined 
by  an  extensive  literature  search  and  a  study  of  previous  work 
by  other  researchers  in  this  field.  Certain  problems  arise 
in  a  study  of  this  mechanism.  The  glass  must  have  a  high 
softening  point,  must  be  capable  of  wetting  both  the  high 
alximltui  and  tiie  molybdenum  grain,  and  must  have  fair  mechanical 
strength.  However,  the  glass  must  not  be  reduced  in  a  wet 
hydrogen  furnace. 

<6)  Other  Mechanisms 

In  addition  to  the  above,  the  literature  search 
yielded  a  series  of  compositions  which  were  considered  worthy 
of  trial  at  various  tempera turas  and  on  the  various  high- 
alumina  bodies.  These  compositions  are  shown  in  table  8. 

b.  Evaluation  of  Metallizing  Compositions 

(1)  Materials  and  Methods 

Based  on  the  above  information,  the  ceramics  listed 
on  the  following  page  were  chosen  to  be  metallized  and  evaluated. 
These  are  typical  hlgh-alumlna  ceramics  which  are  of  Interest 
to  the  electronic -tube  Industry. 
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•  AD-94-  -  A  dense  94-percent  alumina  body  manufactured 
by  the  Coors  Porcelain  Co. 

•  AD-96  -  A  dense  96-percent  alumina  body  manufactured 
by  the  Coors  Porcelain  Co. 

•  AL-23  -  A  dense  99.6-percent  alumina  body  supplied 
by  Materials  For  Electronics,  Inc. 

The  following  milling  proced;u‘es  were  used: 

•  Inside  dimensions  of  the  steel  mills,  selected  because 
of  their  capability  for  more  efficient  grinding  than 
porcelain,  are  5.5  x  6  inches. 

•  0.5-lnch -diameter  steel  balls  were  placed  2  Inches 
deep  in  the  bottom  of  the  mill.  About  six  one-inch 
steel  balls  were  also  added  to  each  mill. 

•  Materials  shown  in  tables  2  through  8  were  weighed 
and  placed  in  the  mill. 

•  A  binder  of  60  ml  acetone,  60  ml  amyl  acetate,  and 
25  ml  8-percent  nitrocellulose  lacquer  was  added. 

•  If,  after  2  hours  of  milling,  viscosity  was  not  less 
than  50  cpa,  binder  additions  were  made  in  quantities 
of  70  ml  until  the  viscosity  w-is  less  than  50  cps. 

•  Milling  was  conducted  for  24  hoiurs  at  a  mill  speed 
of  60  rpm. 

•  Mills  were  emptied  and  cleaned  with  acetone  prior  to 
recharging. 

•  Besultlng  mlxtrires  were  stored  in  glass  ,lars  with 
polyethylene-lined  caps. 

The  compositions  were  then  sintered  to  various  ceramics 
at  various  temperatures,  and  tested  by  a  successive  series  of 
tests  designed  to  be  more  exacting  as  the  less  promising  com¬ 
positions  were  eliminated. 
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(2)  Adherence  Test 

Three  dlTferent  metallizing  compositions  were  painted 
on  1.5-lnch  discs  of  each  of  the  three  ceraml-js  studied  (see 
figure  1).  These  were  than  sintered  in  molybdenum  boats, 
each  holding  27  discs.  The  furnace  atmosphere  was  wet 
dissociated  ammonia,  the  dewpoint  of  which  was  held  between 
+80®F  and  +85“F  by  passing  the  furnace  gasses  through  a  con- 
trollod-temperatiire  water  tamk.  Figure  2  illustrates  the 
furnace-temperattira  profile  and  the  sintering  cycle  of  the 
metallized  ceramics  for  the  liOO^C  sintering  temperatxire . 

The  same  sintering  cycle  in  a  furnace-temperature  profile 
similar  to  that  shown  in  figure  2  w’s  used  in  the  firings  at 
1250*C,  1350®C,  1400®C,  and  1500*C.  Because  of  a  furnace 
limitation,  a  different  furnace  was  required  for  the  1600“C 
and  1700*C  sinterings}  the  ;ame  atmospnere,  dewpoint,  and 
30-mlnute  time  period  in  •  '>  hot  zone  of  the  furnace  ware  used. 


After  sintering,  the  coatings  were  adherence  tested 
using  a  scalpel  auid  30-power  binocular  microscope.  A  system 
of  rough  grading  the  coatings  was  devised  as  follows: 

•  Poor 

no  adherence,  coatings  curl,  no  effort 
expended  in  removal  ,  cracks  or  holes 
visible. 

•  Fair 

moderate  adherence,  moderate  coating  hard¬ 
ness  and  cohesion. 

•  Sood 

metallizing  coating  absolutely  not  removable 
ceramic  removed,  hard  dense  metal  films. 

Results  of  the  adherence  tests  conducted  on  all  discs 
sintered  at  all  proposed  temperatures  are  shown  in  tables  2 
through  8.  The  adherence  testing  program  was  originally 
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designed  to  eliminate  only  those  experimental  metallizing 
mixtures  which  exhibited  grossly  poor  adherence,  at  all 
sintering  temperatures,  to  all  three  ceramic  bodies  considered 
in  this  program.  It  soon  became  apparent  that  few  metallizing 
mixtures  could  be  eliminated  by  this  technique.  Nc  mixtures 
yielded  poor  ratings  to  all  ceramics  at  all  temperatures, 
and  few  were  found  that  could  not  be  rated  at  least  fair  or 
falr-to-good  on  some  ceramics  at  some  sintering  temperatures. 
Peel  tests  were  next  performed  on  all  stripes  of  experimental 
metallizing  mixtures  resultir^g  frcm  the  adherence  test  pro¬ 
gram.  Because  both  tests  were  conducted  on  all  combinations 
of  mix,  body,  and  sintering  temperature,  results  of  both 
tests  are  discussed  conctirrantly  in  the  following  paragraphs. 

(3)  Torque  Peel  Test 

The  torque  peel  test  was  chosen  as  a  quick,  in¬ 
expensive  test  of  ceramic-to-metal  seal  strength  from  t.he 
results  of  Phase  IV,  Testing  Investigation.  After  completing 
the  adherence  test,  each  stripe  of  experimental  metallizing 
on  all. discs  of  each  of  the  three  bodies  was  plated  with 
O.CXX}5-inch  hard  nickel.  A  1.25-  x  0.375-  x  0.010-lnch 
KOvar  strip  was  then  brazed  to  each  stripe  using  a  0.002-lnch 
shim  of  OPHC  copper.  These  Kovar  strips  were  then  peeled 
from  the  ceramic  by  the  torque  wrench  imd  torque  peel  fixture 
Illustrated  in  figure  3» 

Results  of  the  torque  peel  tests  are  also  Included 
in  tables  2  through  8.  The  massive  amount  of  data  contained 
in  these  tables  was  difficult  to  analyze  and  was  therefore 
handled  in  the  following  manner.  All  metallizing  compositions 
were  separated  into  groups  according  to  the  type  of  secondary 
metal,  oxide,  or  mineral  present  in  the  metallizing  mixture. 

A  tabulation  was  then  made  of  the  number  of  times  each 
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additive  to  a  refractory-metal  base  produced  superior  peel 
te'-t  values.  Each  additive  was  further  weighted  according  to 
torque  peel  strength  and  whether  it  was  used  singly  or  in 
combination  with  another  material.  This  technique  produced 
numbers  which  could  then  be  used  to  correlate  the  number  of 
times  strong  seals  were  produced  against  the  number  of  times 
each  type  of  metallizing  addition  was  tried.  It  was  thus 
possible  to  determine  the  general  effect  of  each  additive  to 
the  refractory  metal. 

In  aadition,  the  total  ntimber  of  high  peel  test 
values  was  correlated  against  sintering  temperatwes  in 
general,  and  against  the  alumina  content  of  the  body  to  which 
it  was  applied.  Each  metelllzlng  composition  and  compositional 
type  which  produced  a  high  seal  strength  was  further  examined 
to  determine  its  optimum  sintering  temperature,  the  com¬ 
position  of  the  alumina  body  to  which  it  best  adheres,  and 
the  effect  of  concentration  of  the  additive  on  seal  strength. 

(4)  Torque  Peel  Test  Results 

The  results  of  this  analysis  indicated  that  cerium 
oxide  and  thorlvun  oxide  additions  to  molybdenum  produced  the 
highest  frequency  of  strong  seals  when  used  on  Body  AD-94. 

These  were  closely  followed  by  additions  of  titanium  and 
tungsten.  In  decree  sing  order  of  Improved  torque  peel  strength 
on  AD-94  were  addltlcus  to  molybdenum  of  talc,  manganese, 
sodium  carbonate,  titanium  carbide,  kaolin,  and  feldspar.* 

Pure  molybdeniun  trloxide  produced  promising  seals  if  con¬ 
sidered  only  singly,  especially  at  the  lower  sintering  tempera¬ 
tures. 


♦The  composition  of  talc  is  approximately  Mg0*Si02,  that  of 
feldspar  is  K20*Al203* 63102,  and  ica<,lin  is  Al203*2S102 ‘21120. 
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Seal  strengths  were  generally  lower  on  Body  AD-96 
than  on  AD-94,  with  cerium  oxide  and  thorium  oxide  producing 
good  results.  Feldspar,  talc,  titanium,  zi.’oonivr! ,  titanium  i 
carbide,  kaolin,  and  silicon  dioxide,  in  that  approximate  order, 
all  produced  promising  seals.  Pure  molybdenum  trloxide  again 
rated  fairly  well  if  considered  singly. 

Seal  strengths  were  much  lower  on  Body  AL-23  than 
on  AD-94  or  AD-96 f  feldspar,  silica,  and  talc  additions, 
however,  appear  to  produce  the  beut  results.  Barium  oxide, 
calcium  oxide,  zirconium  dioxide,  and  manganese  also  seamed 
to  help.  It  is  significant  that  silica  and  silica-bearing 
minerals  appeared  to  produce  the  most  satisfactory  seals  to 
AL-23,  indicating  that  the  formation  of  a  silica  glass  or  an 
alumina  silicate  compotmd  in  the  metallizing  layer  or  at  the 
metallizing-ceramic  interface  may  encoiirage  high-strength 
seals  to  this  hlgh-alumlna  ceramic.  | 

It  is  also  Interesting  to  note  that  feldspar  emd 
silica  additions  had  the  same  approximate  effect  on  seal 
strengths  regardless  of  the  choice  of  ceramic.  This  may 
occiir  because  additional  amounts  of  glassy  phase  over  some 
optimum  amount  do  not  aid  sealing,  or  because  a  chemical 
compowind  may  be  forming  with  the  alumlzia.  Talc  produced 
stronger  seals  to  the  lower  aliiminas,  possibly  because  of 
the  silica  contained  in  this  mineral. 

These  ratings  are  mentioned  in  a  general  rather 
than  a  specific  manner  because  of  the  many  variables  involved. 
Also,  a  composition  will  often  yield  a  high  torque  peel  value 
on  a  particular  body  at  two  widely  separated  sintering  tem¬ 
peratures,  but  a  low  value  when  sintered  to  a  temperature 
between  them.  In  these  cases,  it  is  assumed  that  processing 
variables  in  plating,  brazing,  or  testing  affected  the  result) 
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this  fact  is  considers;!  in  the  eval’oations.  An  example  is 
Composition  24  in  which  the  1500®C  torque  peel  results  on 
AD-94  were  considerably  lo'/;"'  than  the  14;C'’C  aad  1600"C 
values.  Manganese  dioxide,  ohcrefora,  was  considered  slightly 
better  for  use  in  molybdenum  on  AD-94  than  a  nu- .'-'Icrl  cal¬ 
culation  Indicated.  This  type  of  rating  was  cc  ‘'Sl  *'”*ed  t_tis- 
factory  becau-;o  its  orily  functicn  was  to  choos-  aos^.  mixi-ures 
to  be  considered  for  further  testing. 

Many  trends  were  apparent  when  a  carelUL  analysis  of 
adherence  test  and  torque  peel  test  data  was  made.  For 
ejcample,  the  silica  and  silicate  additions,  including  feldspar 
and  talc,  yl.eldsd  highest  torque  peal  values  when  sintered  at 
the  higher  temperatures.  This  suggested  that  migration  of 
silicate  glasses,  the  viscosity  of  which  lowers  with  increasing 
temperature,  may  be  responsible  for  stronger  seals.  A  cheip\cal 
compour.d  might  also  be  formed,  and  thus  would  be  more  complbce 
at  higher  temperatures.  Alternatively,  the  manganese  com¬ 
pounds  (for  example,  manganese  dioxide  in  Compositions  23  and 
24,  and  lithium  manganate  in  Composition  88)  yielded  highest 
values  when  sintered  in  the  lower  range  of  temperatures  in¬ 
vestigated.  The  metallic  additions  to  molybdenum,  such  as 
nick’l,  iron,  cobalt,  and  tungsten,  yielded  highest  strengths 
when  sintered  at  the  higher  temperatures.  With  the  exception 
of  iron,  whic.h  may  oxidize  under  some  sintering  "or  Itions; 
these  additions,  being  soluble  in  molybdeniun,  may  promote 
sintering  and,  thus,  high  seal  strengths. 

It  can  be  seen  that  there  was  little  difference 
whether  the  element  titanium  was  added  as  metallic  titanium 
or  as  the  oxide  (Compositions  32  and  33$  respectively). 

This  supported  previous  data  that  titanium  oxidizes  to 
titanium  dioxide  in  wet  cracked  ammonia  at  elevated  tempera¬ 
tures.  Two  additional  observations  wc^e  (1)  small  additions 
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of  titanium  or  the  oxide  to  molybdenum  produced  as  good  or 
better  results  as  large  additions  and  (2)  these  mixtures  adhered 
better  to  the  lower-altunlna  (94— percent  1x20^)  than  to  the 
higher-alumina  (99.6-perc6nt  AI2O2)  ceramic.  These  observations 
suggested  that  the  Glass  Migration  Theory  rather  than  the 
Alumina  Reaction  Theory  was  operative.  The  same  general  ob¬ 
servations  are  true  for  both  manganese  and  manganese  dioxide 
(Compositions  49  and  50 • 

The  amoimt  of  tltanlm  dioxide  necessary  to  produce 
maximum  strength  appeared  slightly  higher  than  titanium  metal; 
this  was  expected  because  the  metal  oxidized  during  slnuerlng. 
Titanium  also  Improved  strength  over  a  wide  range,  but  smaller 
amount  •?  were  affective ;  an  optimum  addition  appeared  likely  at 
about  3  percent  by  weight. 

Additions  of  talc  and  feldspar  also  seemed  to  show 
an  optimum  strength  at  about  3  to  5  percent,  though  smaller 
amoimts  yielded  higher  strengths  than,  purs  molybdenum. 

Cerium  oxide,  though  helpful  over  a  wide  range,  apparently 
was  best  In  small  amounts,  0.5  percent  yielding  noticeably 
Improved  strengths. 

Many  materials  appeared  to  Improve  adnerence  when 
added  In  very  small  amounts,  but  degraded  seal  strength  when 
added  In  larger  2unou.its.  Barium  oxide,  lithium  manganate, 
lithium  tltanate,  and  11 thliam  carbonate  showed  this  effect. 
Additions  of  metallic  nickel  and  cobalt  ware  also  helpful 
w.hen  added  In  small  amounts,  less  than  1  percent,  but  they 
degraded  adherence  when  the  concentration  lnci*eased. 

(5)  Compression  Test 

The  compression  test  was  applied  to  the  most  promlsliig 
compositions  found  by  peel  testing.  Figure  4  Illustrates  the 
test  specimens  and  fixture  used.  A  0.i25-lnch  ceramic  disc 
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was  metailJ.zed  on  its  outside  diameter  and  then  brazed  into  a 
tight-fitting  Kovar  sleeve  to  form  a  vacuum-tight  assembly. 

This  assembly  was  tested  by  compressing  two  0.jl25-inch  tight- 
fitting  rubber  discs  in  the  fixture.  The  loading  rate  used 
on  the  Baldwin  Universal  tester  was  6000  pounds  per  minute  to 
a  load  of  2000  pounds.  The  assembly  was  then  checked  again  fo* 
vacuum  tightness  and  loaded  at  a  rate  of  3000  pounds  per  minute 
in  400  pound  increments,  leak  checking  after  each  successive 
Increment  of  load  until  a  leak  was  detected.  Of  interest  was 
an  audibr^e  crack  at  failure,  always  detected  while  the  speci¬ 
men  was  being  loaded,  which  allowed  the  operator  to  determine 
exactly  when  the  leak  occurred. 

Results  of  the  compression  tests  are  shown  in  tables 
9  through  13,  which  present  data  from  metallized  discs  sintered 
at  130000,  UOOOC,  15000C,  1600<»C,  and  1700*0,  respectively. 

The  maximum  load  values  recorded  are  slightly  over  5000  pounds, 
indicated  by  the  symbol  >  5000,  because  at  that  developed 
pressure  the  rubber  discs  flowed  past  the  expanded  Xbvar  sleeve 
in  an  almost  liquid  condition.  Later  tests  were  limited  to 
4000  pounds  since  the  rubber  distorted  and  shredded.  Figure 
5  shows  a  section  of  two  assemblies  which  would  not  fall  evun 
aftf.r  a  loading  of  >  5000  pounds.  These  assemblies,  thoiigh 
distorted,  are  still  vacuum  tight. 

(6)  Compression  Tesc  Results 

It  can  be  seen  from  table  8  that  only  two  mlxturos, 
Composition  50  and  Composition  199,  showeu  promise  of  high- 
strength  seals  when  sintered  to  1300*C.  Composition  50  is  a  . 
molybdenum-manganese  mixture  with  an  addition  of  silica,  and 
Composition  199  is  a  100-percent  moiybdlc  trloxido  mixture. 
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Many  more  metallizing  compositions  yielded  promising 
ceramic-to-metal  seal  strengths  when  sintered  at  1400®C,  as 
indicated  by  the  compression  values  shown  in  table  9*  For 
example,  Composition  43  with  an  addition  of  feldspar  and 
Composition  45  with  an  addition  of  talc  produced  fairly  high- 
compression  values  on  high-alumina  AL-23*  Glassy  phase 
resulting  from  diffusion  of  these  silicate  materials  may  be 
instrumental  in  the  sealing  of  the  materials.  Composition  47 
with  silica  and  MnO  Incorporated  in  the  mixture  and  Composition 
50  with  silica  and  manganese  showed  promising  results  at  this 
sintering  temperature.  _ 

A  general  summary  of  the  compression  test  data  for 
approximately  1500  test  specimens  is  shown  in  table  14.  The 
type  of  mixture  which  produced  the  highest  seal  strengths, 
along  with  symbols  which  represent  metallizirig  systems,  are 
presented.  Where  two  or  more  compositions  were  formulated 
within  a  given  system,  some  using  the  metal  and  others  using 
the  oxide,  only  ohe  metallic  symbol  describes  the  system. 

Where  only  the  oxide  was  used,  it  is  so  written.  The  figure 
of  merit  represents  the  niimber  of  times  any  metallizing  system 
produced  strong  seals  as  opposed  to  the  number  of  mlxtiires 
whict  were  formulated  and  tried  on  the  system.  For  example, 
if  five  ccritim  oxide  and  molybdenum  mixtures  were  tested  and 
four  were  associated  with  strong  seals,  the  figure  of  merit 
would  be  4/5.  In  general,  strong  seals  are  defined  as  those 
which  are  equal  or  superior  to  the  strength  which  would  be 
generated  using  a  20-percent  manganese,  80-percent  molybdenim 
metallizing  mixture.  Many  attempted  metallizing  systems 
failed  to  produce  strong  seals,  resulting  in  a  figure  of  merit 
of  0/4,  for  example;  these  are  not  included  in  the  table. 
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Several  observations  can  be  made  by  studying  table  14. 
One  of  the  most  Important  is  that  a  very  larga  number  of  metals 
or  oxides  can  be  added  to  molybdenuir  to  produce  satisfactory 
ceramlc-to-metal  seals.  No  fewer  than  16  metals  or  their  oxides 
were  found  to  produce  seals  of  the  same  or  higher  quality  as 
manganese. 

An  Immediate  observation  can  also  be  made  regarding 
the  sharp  decrease  In  metallizing  systems  which  were  satis¬ 
factory  on  the  higher-alumina  ceramics,  as  compared  with  the 
94-percent  alumina  body.  The  Increased  difficulty  in  sealing 
to  high  alumina  Is  thus  apparent  in  most  metallizing  systems, 
and  not  only  in  the  molybdenm-manganese  systems  as  has  been 
generally  conceded  in  the  Industry. 

To  accomplish  seals  to  the  99 •6-percent  alumina 
ceramic,  AL-23,  silica  additives,  at  1400®C  and  1500"C,  were 
suitable  in  a  large  percentage  of  cases.  Examples  of  this 
are  Compositions  R39  and  R50,  which  showed  higher  strengths 
to  the  AL-23  body  than  to  the  lower-aliaalna  Coors  ceramics. 

At  1600®C  and  1700"C,  titanium  additives  and  molybdenum  and 
glass  additions  were  most  satisfactory.  Very  few  promising 
met.-.lll  zing  mixtures  were  generated  tt  1300®C,  but  the  number 
Increased  steadily  to  1600®C  and  then  decreased  at  IVOC’C. 

As  the  sintering  temperature  was  Increased,  a  steady 
decline  was  noted  in  the  number  of  metallizing  mixtures  con¬ 
taining  manganese.  At  1400*C,  on  Coors  AD-94  and  *n-96,  all 
but  one  composition  were  manganese  bearing,  at  1700"C,  none 
contained  manganese.  This  decrease  also  occurred  between 
1500»C  and  1600®C. 

Titanium  was  a  material  very  frequently  associated 
with  high  seal  strength.  At  1400®C,  slightly  less  than  one 


27 


third  of  the  high-strength  compositions  contained  titanium  or 
titanium  dioxide;  at  1500®C,  more  than  half  CxJ  The  percentage 
indicated  a  marked  decr''aae,  however,  at  1600“C  ai\d  1700"C. 

Materials  which  were  added  solely  to  promote 
molybdenum  sintering  were  found  frequently  at  1600®C  and  1700“C. 
These  are  metals  such  as  iron,  nlcxel,  cobalt,  and  tungsten 
which  will  remain  in  the  metallic  state  in  a  wet  cracked 
sunmonla  atmosphare.  As  shown  by  the  figures  of  merit,  nearly 
40  percent  of  the  compositions  at  1600“C  contained  sintering 
promoters  and  nearly  60  percent  did  so  at  1700®C.  The  balance 
of  suitable  mixtures  at  these  temperatures  was  rather  random, 
with  silica  additions  being  the  most  common. 

Pure  molybdenum  and  molybdenum  oxide  made  many 
satisfactory  seals.  The  oxide  was  promising  at  1300®C  and 
1400®C,  whereas  pure  molybdenum  worked  well  at  1600®C  and 
1700®C.  Oxides  other  than  molybdenum  oxide  did  not  offer  any 
measurable  advantage  over  pure  metallic  additions,  undoubtedly 
because  the  metals  quickly  developed  their  stable  oxidation 
levels  anyway  with  cracked  ammonia  atmospheres. 

v7)  Tensile  Test 

Those  combinations  of  experimental  metallizing 
mixtures,  ceramic  bodies,  and  sintering  temperatures  that 
yielded  the  highest  values  in  the  compression  test  were 
chosen  for  tensile  testing.  Sperry  Tensile  Design  No.  1 
(figure  6a)  was  used  for  the  tensile  tests.  Because  of  the 
variation  between  the  three  specimens  of  each  combination 
and  because  of  the  general  decrease  lu  strength  noted  with 
the  higher  alumina  bodies,  tensile  tests  were  conducted  on 
combinations  yielding  the  following  or  higher  compression 
test  values! 
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Compositions  having 
individual  load 

AD-94 

ad-96 

AL-23 

values  of  i  > 

5000  lb 

350C  lb 

3000  lb 

Compositions  having 

average  load  values  of 

3000  lb 

2500  lb 

2000  lb 

After  cleaning  and  air  firing  the  tensile  specimens, 
two  coats  of  a  metallizing  mixture  were  hand  painted  on  the 
ceramic  surface,  each  coat  being  sintered  at  the  appropriate 
temperature.  Each  metallized  surface  was  then  hard  nickel 
plated.  Two  half  specimens  were  then  brazed  together  using 
OFHC  copper  shim  stock  in  a  suitable  brazing  Jig.  Tensile 
testing  was  done  on  a  Baldwin  Universal  Tester  (60,000>pound 
capacity),  using  a  load  rate  of  3000  pounds  per  minute. 

Rubber  gaskets  between  the  surface  of  the  ceramic  and  the 
steel  pulling  flxttires  were  used  to  eqixallze  the  stresses  at 
the  shoulder  of  the  tensile  specimen.  Tensile  testing  date 
are  shown  in  tables  15  through  19(  for  specimens  sintered  at 
ISOCC,  1400®C,  1500»c,  leoo^C,  and  1700®C,  respectively. 

(8)  Tensile  Test  Results 

It  is  apparent  from  the  tables  that  some  combina¬ 
tions  yielded  tensll  values  in  excess  of  the  25tOOO-psl  goal 
of  this  study.  All  tensile  test  values  were  corrected  for 
the  bending  moment  Induced  by  the  nonlinear  loading,  as  dis¬ 
cussed  in  paragraph  6  of  this  report.  Composition  65  on  Body 
AD-94-  at  a  1500®C  sintering  temperature,  for  example,  yielded 
one  tensile  test  value  of  28,400  psi,  with  an  average  tensile 
value  for  three  duplicate  speciments  of  21,400  psi.  As  shown 
in  figure  7  it  is  the  ceramic  which  fractures  in  the  vicinity 
of  the  seal  area,  but  not  through  it,  for  these  higher- 
strength  ceramlc-to-metal  seals.  Left  to  right,  figure  7 
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illustrates  a  specimen  of  AD-94-  metallized  with  Composition  65» 
yielding  a  tensile  strength  of  28,400  psi;  a  specimen  of  AD-96 
metallized  with  Composition  72,  yielding  a  tensile  strength  of 
22,000  psi}  and  a  specimen  of  AL-23  metallized  with  Composition 
50,  yielding  a  tensile  strength  of  16,100  psi.  In  each  case 
the  sintering  temperature  was  1500®C. 

It  should  bo  noted  that  the  appearance  of  the  fractuis 
is  not  the  most  reliable  means  for  determining  if  the  seal  is 
stronger  than  the  ceramic.  Th-i  AD-94  specimen  which  failed  ?.t 
28,400  psi  shows  a  failure  largely  in  the  seal  area.  However, 
the  AL-23  specimen  definitely  has  a  seal  stronger  than  the 
ceramic,  although  it  failed  at  16,000  psi.  The  contribution 
of  thermal-mismatch  stress  of  the  solder  itself  will  undoubtedly 
affect  the  physical  nature  of  the  failure.  This  is  an  area  in 
which  more  knowledge  is  needed.  It  is  of  interest  that  in  over 
400  tensile  pulls  only  one  case  of  shouldar  fract'ore  is  en¬ 
countered. 

The  analysis  of  the  tensile  test  data  was  conducted 
by  using  the  same  techniques  applied  to  the  compression  test 
data,  as  described  in  paragraph  2b(6).  Table  20  shows  the 
metallizing  systems  which  produced  the  strongest  seals.  As 
vas  the  case  for  the  compression  test  results,  one  notices 
immediately  the  wide  variety  of  compositional  systems  which 
produced  strong  seals,  as  well  as  the  sharp  decrease  of  com¬ 
positions  which  were  suitable  for  the  96-percent  and  the  99*6- 
percent  aluminas. 

Compositions  containing  manganese  predominated  at 
1300“C  and  1400®C.  At  1500“C,  manganese-bearing  compositions 
decreased  sharply,  with  two  of  six  superior  compositions  con¬ 
taining  manganese.  At  1600®C  and  1700®C,  only  one  c'^mposltion 
contained  manganese. 
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All  satisfactory  seals  to  AL-23  contained  silica  and, 
In  ^ost  cases,  manganese.  These  seals  were  sintered  at  ISOO^C, 
1400®C  and  1500®C.  No  strong  seals  were  'lade  at  1600“C  and 
1700*C  to  AL-23,  although  several  compositions  were  attempted. 

Titanium  did  not  produce  superior  seals  as  often 
when  using  the  tensile  test  as  it  did  with  the  compression  test. 
These  compositions  also  predominated  at  lower  temperatures. 

At  1600*0  and  1700*0,  there  was  only  one  superior  titanium- 
bearing  composition. 

The  wide  variety  of  compositional  systems  at  1600*C 
and  1700*0  is  rather  difficult  to  understand.  At  these  tem¬ 
peratures,  8  out  of  26  compositions  contain  a  sintering  pro¬ 
moter  as  the  only  molybdenum  addition.  Silica  was  present  in 
another  five  compositions.  The  remaining  compositions  consisted 
of  additions  of  thorla,  zinc,  titanium,  eerla,  zlrconla,  and 
manganese,  as  well  as  pure  molybdenum.  No  significance  in  this 
list  could  be  found,  except  to  note  the  variety  involved.  A 
check  on  each  composition  involved,  however,  shoved  that  none 
of  these  metallic  additions  was  in  excess  of  15  percent  by 
weight . 

(9)  Pinal  Observations 

Final  observations  in  this  phase  of  the  study  program 
should  be  made  by  referring  to  table  21.  The  seven  most 
promising  compositions  and  their  sintering  temperatures  are 
shown  for  the  three  bodies  studied.  The  best  values  for  AD-9A 
were  obtained  using  Composition  65,  a  2.5-..''<)rcent  titanium 
addition  to  pure  molybdenum. 

The  tensile  test  average  is  21,400  psl.  Both  Com¬ 
positions  91  and  141  produced  averages  over  15,000  psl.  One 
basic  formulation,  molybdenum-slllca-manganese,  was  excellent 
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on  AL-23  and  AD-96.  Molybdomm-ceria  als;.-'  prcdt’ced  high- 
strength  seals  to  AD-96.  All  seven  ecaposltlons  shown  In 
table  21  are  extremely  promising  and  an  investigation  of  their 
reliability  is  highly  desirable. 

5.  PHASE  III  -  BRAZING  INVESTIGATION 

The  brazing  of  cei-aait -tc-metal  seals  is  recognized 
as  paramount  in  achieving  relj.able  and  strong  seals.  Factors 
such  as  .1olnt  clearance)  solder  type)  and  soak  time  and  rate) 
to  name  a  feV)  have  been  established  as  important  variables. 
Although  a  study  of  this  phase  was  planned)  It  was  found  that 
seals  can  be  made  ns  strong  as  the  ceramic  by  using  standard 
Sperry  brazing  techniques)  provided  a  superior  metallizing 
mixture  was  properly  sintered  onto  the  particular  ceramic 
considered. 

6.  PHASE  IV  -  TESTING  INVESTIGATION 

a.  Comparison  of  Test  Methods 

An  acciirate  and  thorough  testing  endeavor  was 
necessary  for  the  proper  evaluation  of  this  program)  because 
the  value  of  the  data  obtained  was  to  be  determined  largely 
by  the  test  pieces  and  tent  methods  selected.  Such  a  program) 
with  emphasis  on  reproducibility)  was  therefore  conducted  by 
evalxiatlng  the  tensile)  the  compression)  the  torque  peel)  and 
the  drum  peel  tests.  Slxty-two  ASTM  tensile  test  specimens 
were  prepared.  These)  In  addition  to  the  two  half  specimens 
bonded  together)  had  two  Kovar  strips  bonded  to  the  flat 
surface  of  one  of  the  halves  to  measiu’e  torque  peel)  and  two 
preformed  Kbvar  strips  sealed  to  the  outside  diameter  of  each 
of  the  two  shoulders  to  measure  drum  peel.  All  brazes  were 
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mad-j  siBultaneously,  producing  the  specimens  shown  in  rigure  8. 
The  ceramic  used  was  Coors  AD-94,  metalJi/^ed  v^th  an  80-percent 
molybdeniun,  20-percant  manganese  mixture,  sintered  at  15’00“C, 
plated  with  hard  nickel,  and  brazed  using  OPHC  copper  shim 
stock. 

Torque  peel  data  were  evaluated  by  inserting  the 
specimen  into  the  fixture  shown  in  fig\:re  3»  Plat  Kbvar  strips 
were  crimped  and  engaged  into  <  clot  built  in  the  cylinder  of 
the  teat  flxttire  as  shown.  The  load  in  inch-pounds  was  read 
on  the 'torque  wrench  by  the  operator,  who  recorded  the  maxLmiuu 
value  indicated. 

The  drum  peel  test  was  chcsen  to  eliminate  the 
operator  variables  in  rate  of  application  of  the  load  and  in 
the  reading  of  the  data.  Figure  9  illustrates  the  fixture 
used.  The  load  was  applied  at  a  constant,  reproducible  rata 
and  recorded  as  poTinds  pulled  versus  time  on  strip  chart  papor. 
Figure  6b  is  an  example  of  the  tensile  specimens  of  the  design 
of  which  was  originally  proposed  by  ASTH.  The  method  used  was 
that  under  discussion  by  Group  V-D,  Subcommittee  P-1  of  that 
organization. 

To  evaluate  seal  strength  by  compression  testing,  a 
specimen  and  a  flxturo  as  shown  in  figure  4  are  used.  This 
test  has  a  distinct  advantage  in  that  the  configuration  of 
the  test  specimen  closely  resembles  the  geometry  often  used 
in  tubes.  Compressive  forces  loaded  at  a  prescribed  rate 
to  the  ends  of  the  fixture  produce  hydrostatic  forces  In  the 
rubber  discs,  these  forces  tear  the  ceramic  from  the  Kbvar 
sleeve.  Failure  is  defined  as  the  load  at  which  the  assem¬ 
bly  is  no  longer  vacuum  tight. 

Twenty- five  comparison  specimens  for  compression 
testing  were  prepared  from  Coors  AD-94  ceramic,  Kovar  metal, 
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and  the  80-20  molybdenum-manganese  metallizing  mixture.  These 
were  sintered  at  1500“C|  nickel  plated,  and  OPHC  copper  brazed. 
Results  of  the  test  comparison  series  are  listed  In  table  22^ 
which  shows  an  average  strength  value,  the  standard  deviation, 
the  coefficient  of  variation,  and  the  number  of  trials  for 
each  compression,  tensile,  drum  peel,  and  torque  peal  test. 

It  can  be  seen  In  table  22a  that  the  compression 
test,  with  a  coefficient  of  variation  of  only  10.5  percent, 
had  the  greatest  reproducibility  and  least  variation.  The 
tensile  test  with  a  coefficient  of  variation  of  27*8  percent 
proved  to  be  less  reproducible  than  the  compression  test. 

The  torque  peel  Is  significantly  more  reproducible  than  the 
drum  peel  test  and  therefore  was  chosen  for  the  Initial 
evaluation  of  the  200  experimental  metallizing  mixtures  pre¬ 
pared  later. 

Table  22b  presents  a  similar  comparison  In  which  n, 
the  number  of  trials,  was  In  all  cases  equal  to  25*  7be 
most  slgnlflcemt  Improvement  was  In  the  torque  peel  test. 
Indicating  It  was  the  most  sensitive  to  changes  In  brazing 
conditions  and  also  suggesting  It  would  be  the  most  sensitive 
to  variations  In  seal  strength. 

The  averages  In  table  22a  tend  to  Indicate  that  the 
following  measures  of  seal  strength  are  equivalent  for  the 
paitlcul'r  ceramic,  metallizing  mlxtxire,  and  conditions  studied: 

e  Tensile  Test  2011-lb  load,  11,061  psi 

•  Compression  Test  2428-lb  load 

•  Drum  ’’eel  Test  8.06-lb  load 

e  Tc  f  „1  Test  2.85-ln.-lb  torque 
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On  the  basis  of  the  above  single-point  curve a 
linear  extrapolation  suggests  that  the  follovlng  values  are 
equivalent  to  a  25iOOO-psl  tensile  strength: 

•  Compression  Test  5200  poiuids 

•  Drum  Peel  Load  17*25  pounds 

•  Torque  Peel  6.13  Inch-potmds 

As  previously  mentl:  a  limitation  vas  found  in 

the  compression  test  In  tnai:  In  pressures  above  a  5000-pound 
load  the  rubber  discs  flowed  In  an  almost  liquid  condition  past 
the  expanded  Kovar  sleeves. 

b*  Tensile  Test  Specimen  Design 

During  the  course  of  this  Investigation  it  vas  found 
that  the  tensile  test  specimen  now  under  conslaeratlon  by  ASTM 
(figure  6b)  had  a  serious  shortcoming  for  the  measurement  of 
very  strong  ceramlc-to-metal  seals.  This  fault  is  that  failures 
occurred  at  the  shotilder  rather  than  In  the  seal  area.  ASTM) 

In  efforts  Lo  eliminate  this  fault,  has  considered  an  Increase 
in  fracture  path,  as  shown  in  figure  6c.  The  calculations 
presented  In  the  Third  Technical  Not Vindicated  that  an  Increase 
In  Che  radius  of  cxirvarure  at  the  shoulder  should  decrease 
stresses  In  that  ar'sa^^.  Because  it  was  necessary  to  make 
certain  assumptions  between  the  case  cited  by  Timoshenko  and 
the  one  In  question.  It  was  decided  to  measure  the  exact 
stress  picture  using  the  photoeleastlo  techiULque. 

c.  Photoeleastlc  Study 

Full-scale  models  of  the  three  designs  In  question 
wero  made  of  a  standard  photoelastic  material,  as  described 
in  the  Fourth  Technical  Wote^.  By  stressing  models  at  elevated 
temperatxires  and  chilling  them  while  .ttlU  stressed,  the 
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stresses  produced  In  a  three-dlmensloneJ.  object  can  be  viewed 
by  carefully  sectioning  and  polishing  the  object  after  It  has 
cooled  to  room  temperature.  A  photograph  >.f  a  I'J^t  slice  of 
each  of  the  three  specimens  with  tho  stress  pattern  "locked  in" 
Is  shown  In  figure  10.  The  specimens  are)  left  to  right) 

Sperry  Tensile  Design  No.  1  (designed  under  this  contract)) 
ASTM  Tensile  Design  No.  2)  and  the  design  tuider  present  use 
by  ASTM. 

The  fringes  visible  in  the  ASTM  sample  show  that 
there  Is  a  higher  level  of  stress  In  tne  shoulder  than  In  the 
seal  area  by  a  ratio  of  approximately  2.5  to  2.0)  thus  pre> 
dieting  fallture  In  the  shoulder  area.  Design  No.  2  shows 
approximately  equal  stress  In  both  the  shoulder  area  and  the 
seal  area)  so  a  falltire  at  either  point  Is  equally  probable. 
Sperry  Design  No.  1)  however)  shows  a  greater  tensile  stress 
at  the  seal  area  than  at  any  other  point  and  thus  should  fall 
at  the  seal. 

The  photoelastlc  study  revealed  another  character- 
Istlc  of  thess  specimens  which  was  not  suspected  previously. 

The  bending  moment  Induced  by  loading  which  was  not  directly 
above  the  fracture  area  gave  rise  to  nonuniform  tensile  load¬ 
ing  In  that  area.  This  was  a  significant  discovery  because 
It  meant  that  all  tensile  values  measured  to  date  were  actually 
higher  than  a  straight -forward  calotilatlon  would  indicate. 
Additional  tensile  stresses  on  the  outside  surface  of  the 
specimen  and  compressing  stresses  on  the  Inside  ware  caused 
by  the  bending  moment.  This  changed  the  stress  distribution 
from  that  of  pure  tensile  stress  to  that  of  a  combined  tensile 
and  bending  stress. 

Careful  analysis  of  the  stress  pattern  allowed  the 
calciilatlon  of  this  maxlmuoi  combined  <^tress)  presented  In  the 
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Fourth  Technical  Note.  Based  on  the  assmptlon  that  the  bending 
stress  varied  uniformly  across  the  section,  a  maximum  combined 
stress  In  Sperry  Tensile  Design  No.  1  was  calciil:ited  to  be  1.22 
times  the  direct  tensile  stress.  Similar  values  for  the  ASTM 
standard  specimen  and  ASTM's  Design  No.  2  were  1.09  and  1.18, 
respectively. 

It  can  be  concluded  that  the  ASTM  specimens  give 
unreliable  restilts  when  shoulder  breaks  occtir  because  of  the 
stress  concentrations  In  the  shoulders.  Design  No.  1  is  the 
preferred  specimen  from  this  point  of  view.  All  three  speci¬ 
mens  showed  undesirable  banding  effects  which  causa  tasted 
tensile  specimens  to  fall  at  lower  than  true  tensile  values 
by  the  amounts  calculated.  It  may  be  possible  to  eliminate 
this  affect  by  redesigning  the  specimen  so  that  the  center 
of  the  seal  area  and  the  point  of  loading  are  eollnear.  For 
the  present  program,  more  realistic  tensile  strength  values 
were  obtained  by  multiplying  the  tested  value  by  the  calcul¬ 
ated  factors. 

d.  One-Piece  Test  Specimens 

For  further  evidence  that  the  foregoing  calculations 
and  ob.^ervatlons  were  correct,  the  two  new  tensile  specimens 
(figure  6a  and  6c)  were  manufactured  Into  one-piece  test 
specimens)  tensile  testing  would  thus  reveal  the  location  and 
magnitude  of  the  Aracture.  As  Illustrated  In  figure  11, 

Sperry  Tensile  Design  No.  1  fractured  at  the  desired  location 
whereas  Design  No.  2  did  not.  An  average  of  four  replica 
specimens  of  each  body  produced  the  average  values  shown  on  the 
following  page.  It  should  be  noted  that  these  figures  include 
the  correction  factor  due  to  the  bending  moment  Inducted  by 
nonlinear  loading. 
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Tensile  Specimen 


Average  PSI 


Sperry  Design  No.  1  25>300 

ASTM  Design  No.  2  16,000 

e.  Tensile  Specimen  Gasket  Materials 

A  series  of  tensile  tests  was  conducted  to  compare 
soft  lead  and  rubber  gaskets  for  use  between  the  shoulders  of 
tensile  specimens  and  the  steel  pulling  grips.  No  differences 
in  tensile  valves  were  found;  therefore,  rubber  gaskets  were 
used  because  of  the  greater  simplicity  of  assembly. 

7.  PHASE  V  -  TEMPERATURE  INVESTIGATION 

Because  of  the  vast  quantity  of  work  necessary  to 
complete  Phases  II  and  IV,  ti.  metallizing  and  teatlzig  In¬ 
vestigations,  time  and  funds  were  not  available  to  conduct  a 
major  effort  In  this  phase.  This  Is  a  recommended  area  for 
future  study. 

8.  PHASE  VI  -  STRESS  INVESTIGATION 
a.  Introduction 

The  Importance  of  stresses  In  ceramlc-to-m''tal  seals 
Is  generally  acknowledged  by  all  who  have  become  Involved  In 
seal  design,  manufacture,  or  application.  Distinctly  different 
characteristics  prevail  for  electrical  ceramlce  and  the  v'lde 
variety  of  metals  to  which  they  may  be  sealed.  Because  of 
these  differences.  In  particular  their  thermal  expansion  and 
ductility  properties,  substantial  stress  Is  known  to  exist 
when  a  brazed  seal  Is  cooled  to  room  tempsrature.  Although 
design  techniques  are  known  to  circumvent  these  residual 
stresses,  virtually  nothing  of  a  q^iantltatlve  nature  is  known. 
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Considerable  work  has  been  done  on  stresses  present  In  glass- 
to-metal  seals,  enamel  coatings,  etc.  However,  no  published 
papers  could  be  found  regarding  stresses  in  ceramic-to-metal 
seals. 

It  was  the  goal  of  this  phase  to  discover  mere  about 
the  nature  of  seal  stresses.  In  particular,  it  was  hoped  that 
seal  stresses  could  be  calculated,  knowing  enough  about  the 
materials  involved.  This  goal  has  been  realized.  More 
basically,  it  appears  that  stress  constants  can  be  calcu¬ 
lated,  not  only  for  ceramic -to-metal  seals,  but  also  for  any 
two,  brazed  materials  having  different  properties. 

b .  Theory 

Consider  an  infinitely  small  seaj  element  as  shown 
in  figure  12a  prior  to  brazing.  Imagine  the  top  cube  to  be 
the  higher  expanding  member  and  S  to  be  the  total  expansion 
mismatch  in  inches  per  inch.  Assume,  for  the  initial  argu¬ 
ments,  t.bat  the  bottom  member  is  totally  unyielding  and  does 
not  expand.  When  the  system  is  heated,  the  configuration 
shown  in  figure  12b  is  realized.  The  seal  is  thus  achieved 
and  the  system  is  allowed  to  cool,  resulting  in  the  con- 
fig'  ration  shown  in  figure  12c.  Considering  a  single  plane 
in  the  element.  Illustrated  by  figure  12d,  the  distance  8 
Is  also  equal  to  the  total  strain  developed  In  the  cooling 
process;  this  Is  a  key  point  In  the  argument. 

The  acceptance  of  the  preceding  argument,  equating 
thermal  expansion  mismatch  to  total  strain,  provides  the  first 
means  for  the  calculation  of  seal  stresses. 

Imagine  that  the  thermal  expansion  mismatch  between 
the  top  and,  for  the  moment,  the  nonexpanding  bottom  member, 
as  shown  in  flgm'el3a.  Is  the  distance  8  In  inches  per  Inch 
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at  the  temperature  at  which  the  solder  melts.  Because  8  Is 
also  equal  to  total  strain,  it  can  be  transposed  to  a  stress- 
strain  curve  as  shown  In  flgvire  13b.  The  stress  level  can  then 
be  read  directly  from  the  ordinate.  If  the  stress  generated 
exceeds  the  yield  ^^olnt  of  the  metal,  the  procedure  does  not 
change,  but  will  result  In  a  transposition  such  as  figure  13c 
Illustrates. 

A  correct  stress  determination  at  the  seal  Interface 
would  res'Jlt  from  the  foregoing  procedtu'es  If  (1)  the  bottom 
member  were  nonexpanding  and  nonyielding  and  (2)  a  single 
stress-strain  curve  v/ere  operative  at  all  temperatures. 

Neither  Is  the  case. 

The  actual,  final  configuration  of  the  element  In 
question  would  be  as  shown  In  figure  14a.  The  top  member 
would  be  pulled  Into  tension  and  the  bottom  Into  compression. 
Defining  tension  as  positive  strain  and  compression  as  nega¬ 
tive  strain,  both  can  be  plotted  using  the  same  ordinate,  as 
shown  In  figure  14b.  Thermal  expansion  mismatch  can  then  be 
measured  as  showxi  In  figure  14c  and  transposed  to  produce  a 
somewhat  lower  stress,  for  a  fixed 8 f  than  would  be  the  case 
neglecting  the  lower  expanding  member. 

The  problem  of  changes  In  the  t>tress-straln  curve 
with  changing  temperature  presents  a  somewhat  more  difficult 
situation.  A  different  curve  would  be  operative  at  any  tem¬ 
perature,  and  a  solid  surface  could  actually  be  generated  for 
the  three-component  system;  stress-straln-temperatiure.  If 
the  equation  of  such  a  surface  coulc>  .-a  ‘determined,  a  mathe¬ 
matical  solution  could  be  achieved  1  the  stress-rate 

ciurve.  Such  a  procedure  would  be  extremely  difficult,  prob¬ 
ably  resulting  In  a  machine  calculation.  A  simpler  graphical 
approximation  Is  preferred,  as  described  In  the  following 
paragraphs . 
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Assime  that  Lho  ceramic  mern’oer  expands;  but  that  IL 
is  totally  nonyielding.  Such  an  assumption  could  be  circum¬ 
vented,  as  previously  described,  by  plot>  Ing  neija-ive  strain. 
Even  in  actual  measurements,  however,  the  yield  contribution 
of  the  ceramic  can  be  shown  to  be  so  small  that  its  neglect 
produces  virtually  no  error. 

Consider  a  family  of  stress- strain  curves,  as  shown 
in  figure  15a,  in  which  virtually  no  stress  could  be  developed 
regardless  of  strain  at  temperatures  down  to  500*0,  and  ther. 
suddenly  the  room-temperature  curve  became  operative.  The 
result  would  be  that  only  the  strain  or  thermal  mismatch 
developing  from  500*C  to  room  temperature  woiild  be  of  im¬ 
portance,  and  the  mismatch  in  this  temperature  range  could  be 
transposed,  as  previously  discussed. 

Next,  consider  a  family  of  stress-strain  curves  in 
which  a  measurable  curve  is  operative  from  braze  temperature  to 
500®C,  and  then  suddenly  a  second  curve  becomes  operative  for 
all  temperatures  between  500®C  and  room  temperature.  This  sys¬ 
tem  is  shown  in  figure  I5b.  The  transposition  can  than  be 
carried  out  by  using  the  500®C  to  braze  temperature  thermal- 
expansion  mismatch.  If  no  further  temperature  drop  were  ex¬ 
perienced,  the  stress  level  would  be  determined.  At  499®C, 
however,  the  second  curve  would  become  operative.  Stress 
level  would  not  have  changed  substantially  from  500®C  to  499"C, 
only  the  curve  which  is  operative}  one  would  begin  to  accumu- • 
late  stress  on  a  new  curve  beginning  from  point  A.  From  point 
A,  the  thermal  mismatch  from  500®C  to  room  temperature  is 
again  transposed  to  determine  the  final  stress  level.  This 
procedure  can  be  applied  to  approximate  the  final  stress  level, 
providing  the  necessary  c’urves  are  available.  The  acciiracy 
increases  with  the  number  of  ctirves}  in  this  study  four  curves 
were  found  to  be  quite  satisfactory. 
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One  basic  observation  should  be  made  at  this  point. 
A  seal  stress  thus  determined  and  existing  at  the  seal  inter¬ 
face  is  a  constant  value  for  any  two  mateiiuls  for  a  given 
braze  temperature.  It  is  not  geometrically  sensitive  at  the 
Interface  I  and  operates  eqtially  in  any  direction  lii  the  seal 
plane.  However}  at  any  point  above  the  interface,  the  stress 
will  be  Influenced  by  the  geometry  of  the  seal;  factors  such 
as  bending  in  butt  seals  may  interrupt  its  normal  development. 
In  the  experimental  study  of  thcso  stresses,  samples  were 
used  which  developed  stress  uniformly  about  an  axis.  The 
experimental  evidence  in  support  of  these  theories  demon¬ 
strates  excellent  agreement. 


c.  Experimental  Procedure 

To  investigate  the  preceding  theory  required  ex¬ 
perimental  testing  in  two  distinct  areas.  One  was  the 
development  of  stress-strain  curves  at  elevated  temperatures 
for  the  same  metals,  and  at  annealing  temperatures  used  for 
making  seals.  The  second  was  the  fabrication  of  seals  in 
which  the  stress  could  be  measui’ed  by  strain  gages.  For  the 
second  area,  the  technique  was  to  apply  the  gages  to  the  metal 
membtr,  remove  the  ceramic,  and  measure  the  metal  relaxation 
or  strain  which  took  place.  This  provided  sufficient  data 
to  ewlable  a  comparison  of  calculated  stress  with  measured 
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The  metals  chosen  for  the  study  were  3C3  stainless 
steel  and  "A”  grade  nickel.  The  stainless  steel  ivas  selected 
because  of  its  high-temperature  strength  and  nickel  because 
of  the  reverse  tendency.  Copper  solder  was  chosen  because  of 
its  ease  in  acid  removal  and  generally  common  usage. 
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(X)  Stress-Strain  Measurements 

Considerable  data  can  be  found  In  the  literature  re¬ 
garding  the  hlgh-temperature  characterise Lcs  ox  nickel  and 
stainless  steel.  The  data  presented  some  difficulty  In  that  It 
was  not  available  for  the  same  annealing  times  and  temperatures 
which  would  be  experienced  in  brazing.  In  addition,  heating 
rates  were  different.  For  these  reasons,  precise  measurements 
were  made  after  the  metal  was  exposed  to  the  brazing  cycle 
used  In  making  the  seals. 

The  initial  pl£in  was  to  machine  stress-strain  speci¬ 
mens  from  the  same  tubular  stock  from  which  the  seal  metals 
were  to  be  fabricated.  It  became  apparent,  however,  that 
several  problems  were  Involved  with  this  procedure.  Fabrica¬ 
tion  of  the  specimens  provided  the  first  difficulty.  The 
stock  had  to  be  cut  and  rolled  flat,  requiring  high  pressures. 
Because  of  spring-back,  the  pieces  had  a  low  residual 
curvature.  A  similar  shaped  mold  had  to  be  formed  to  over¬ 
bend  the  pieces.  Secondly,  considerable  cold  working  was 
Introduced  which  could  be  removed  only  by  undesirable  anneal¬ 
ing.  Finally,  the  samples  thus  produced  showed  poor  stress- 
strain  repeatability. 

Because  of  these  problems  It  was  decided  to  machine 
specimens  from  sheet  stock,  which,  upon  checking,  was  fotind 
to  have  virtually  the  same  hardness  as  the  metal  stock  to  be 
used  for  seals.  Exact  discussions  of  the  hardness  of  the 
metal,  the  rolling  and  machining  technique,  and  the  specimen 
design  can  be  found  In  the  Second  and  Third  Technical  Notes^. 

The  specimens,  after  being  passed  through  the  brazing 
furnace,  were  placed  In  a  hl«;h-temperature  extensometer,  as 
shown  In  figure  16.  Preliminary  test  rtms  were  made  to  test 
the  equipment,  and  the  technique  was  refined. 
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(2)  Seal  Residual  Stress  Measurements 


Because  of  ease  of  calculations  and  to  achieve  uni¬ 
form  stress  distribution,  a  test  specimen  >lth  a  design  as 
shown  In  figure  17  was  chosen.  The  siiall  shoulder  on  the 
Inside  diameter  of  the  metal  was  provided  for  placement  of 
solder.  A  wall  thickness  of  0.100  Inch  was  used  for  the 
stainless  seal  and  a  wall  thickness  of  0.080  Inch  for  the 
rJ.ckel  seal.  The  differences  developed  because  of  stock 
availability.  These  can  be  easiry  taken  care  of  mathematically 
as  shown  In  paragraph  8o(2).  Jamples  'were  brazed  using  OFHC 
copper  solder. 

Five  resistance-wire  strain  gages  were  bonded  to 
the  outer  circumference  of  the  metal,  three  to  measure 
tangential  strain  and  two  to  meastire  axial  strain,  as  shown 
in  figure  17*  The  sample  was  fitted  with  a  collar  eqxalpped 
with  terminals,  Lead  wires  from  the  gages  were  attached  to 
the  termlxials,  which  In  ttirn  were  equipped  with  lead  wires 
to  the  measxirlng  bridge  clicult.  An  instrumented  sample 
Is  shown  in  figure  18. 

Solder  removal  v'as  accomplished  by  leaching  out  the 
solder  with  a  25-percent  ammonium  persulfate  solution  at  120*F. 
Using  a  jeweler's  saw  to  remove  the  solder  and  direct  axla3 
loading  to  remove  the  ceramics  were  considered.  These 
techniques  were  abandoned,  however,  when  early  trials  showed 
the  leaching  technique  to  be  the  most  promising. 

To  facilitate  exposure  of  the  solder  to  the  ammonlui, 
persulfate  without  attacking  the  gages,  a  closed  circulatory 
system  was  developed.  Samples  were  provided  with  teflon- 
gasketed  alumlnm  caps  through  which  the  leaching  ccmpotind 
could  be  circulated.  A  bank  of  four  specimens  was  then  set 
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up  and  ammonltim  persulfate  was  drawn  through  the  system  In 
sp'^les  (figure  19).  It  was  found  highly  desirable  to  generate 
a  mild  negative  pressure  within  the  cirwlatory  system,  thus 
greatly  reducing  leaks.  This  was  accomplished  ty  pulling 
rather  than  pushing  the  ammonium  persulfate  through  the  system. 
Gaga  leadings  ware  taken  continuously  during  the  leaching 
process.  The  solder  was  completely  removed  in  about  10  hours 
for  the  nickel  and  in  about  24  nours  for  the  stainless  steel. 

(3)  Calculations 

In  the  previously  discussed  theory,  a  method  for 
calculating  stresses  at  the  seal  interface  was  described. 
Experimental  procedures  allowed  measuring  the  actual  tangential 
stress  on  the  outer  circumferential  face  oi  the  metal.  To 
calculate  the  stress  from  the  inner  face  to  the  outer  face, 

Ag 

formulas  which  are  available  in  the  literature  can  be  used  . 


where 

=  tangential  xuilt  stress  at  radius  r 

r  =  any  radius 

=  interna2  radial  pressure 

r^  =  outside  radius 

r^  =  inside  radius 

For  the  special  case  where 

=  tangential  stress  on  outside  surface 

0 

S..  =  tangential  stress  on  inside  surface 

“1 
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it  can  be  shown  that 


This  expression  can  then  be  used  to  calculate  the 
outside  tangential  stress  using  the  value  predicted  for  inside 
tangential  stress  as  discussed  previously.  A  comparison 
between  measaired  and  calculated  stresses  can  then  be  made. 

One  final  consideration  remains.  Because  the  elastic 
limit  of  the  metal  will  have  been  exceeded  when  brazing} 
residual  stresses  can  be  expected  in  the  metal  ring  despite 
the  fact  that  the  ceramic  has  been  removed.  This  condition 
does  not  Invalidata  the  use  of  the  above  formula)  because)  in 
solder  removal)  unloading  will  than  take  place  according  to 
Hcoke's  Law^^.  Simply,  more  stress  relief  can  be  accomplished 
by  machining  the  Inside  diameter  of  the  metal  ring. 

d.  Experimental  Resiilts 

The  results  of  the  stress-strain  measurements  are 
shown  in  figures  20  and  21  for  the  nickel  and  303  stainless 
steel,  respectively.  Thermal  expansion  curves  which  were  used 
are  illustrated  in  figure  22.  Table  23  shows  the  results  of 
measured  as  well  as  calculated  stress.  Outside  tangential 
stress  is  designated  by  the  symbol  and  outside  axial 

stress  by  It  should  be  noted  that  no  means  could  be 

found  to  calculate  Sa„  from  the  inside  face  to  enable  a  com- 
parison  with  measured  values.  The  inside  tangential  stress 
or  brazing  constant  K,  calculated  as  previously  described, 
represents  a  stress  in  any  direction  within  the  seal  plane. 
Although  approximately  15  samples  were  made  in  each  metal, 
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time  was  available  to  measure  only  4-  of  e.achj  these  were  chosen 
a^"  random.  Sample  dimensicns  and  physical  constants  used  In 
the  calculations  are  as  follows: 

Young's  modulus  for  nickel  =  30  x  10^  psl/ln./ln. 

Young's  modtdus  for  303  stainless  steel  =  29  x  10^  psl/ln./l 

Ceramic  O.D.  =  1.577  Inches 

Nickel  O.D.  before  braze  =  1.74-3  Inches 

Nickel  O.D.  after  braze  -  1.765  Inches 

Stainless  steel  O.D.  before  braze  =  1.783  Inches 

Stainless  steel  O.D.  after  bra-a  =  1.803  Inches 

a.  Summary  of  Stress  Study 

A  study  of  table  22  shows  excellent  theoretical  and 
experimental  agreement  within  the  limits  of  the  testing  tech¬ 
niques.  It  appears  that  a  stress  constant  does  exist  In  brazing 
ceramlc-to-metal  seals  and  that  It  can  be  used  In  calculating 
seal  stresses.  The  Implications  of  these  findings  are  note¬ 
worthy.  Tables  of  stress  constants  could  be  generated  for 
combinations  of  materials  at  various  temperatures.  The  first 
means  would  thus  be  provided  for  the  calcination  of  previously 
undetenulnable  stresses.  Thus, a  method  would  be  available  to 
enable  the  choice  low  stress  combinations  as  well  as  the 
ability  of  making  use  of  prestressed  geometries  or  structures. 
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SECTION  C 


CONCLUSIONS  ,  , 

9.  CONCLUSIONS 

The  following  can  be  drawn  from  the  data  presented: 

a-  Ceramic -to-metal  seal  strengths  as  high  as  28,  >0  psi  in 
tension  were  found  for  the  94-,jerceQt  alumina  body.  The  maxi¬ 
mum  strengths  decreased  -  as  the  alumina  content  of  the  ceramic 
member  increased  -  to  22,000  psi  in  tension  for  the  96-percent 
alumina  body  and  to  16,100  psi  for  the  99 •6-percent  body. 
Sealing  techniques  were  developed  which  produce  seals  as 
strong  as  the  ceramic. 


b.  The  optimum  sintering  temperatures  vary  with  the 
particular  metallizing  mixtxire  under  consideration;  however. 


in  most  cases,  these  were  in  thsj 
temperature  range. 


IJOO^C  to  1600»C  sintering- 


c.  At  the  lowest  sintering  temperatures  (1?D0"C  and  1400*C), 
the  strongest  seals  resulted  from  straight  molybdlc  trloxlde 
metallizing  mixtures  or  molybdenum-mangangese  base  mixtures 
wlta  additions  of  silica  or  titanium  helpful.  Molybdenum- 
manganese  mixtures  were  less  frequently  associated  with  high- 
strength  seals  at  IJOO^C.  Additions  of  titanium  and  ceria 
to  pure  molybdenum  were  stronger  after  sintering  at  this 
temperatm’e.  At  highest  sintering  temperatures  (1600®C  and 
1700"C) ,  those  additives  which  promoted  molybdenum  sintering 
generally  yielded  the  highest  seal  strengths. 


d.  Metallizing  compositions  for  AL-23,  a  99*6-percent 
alumina  ceramic,  almost  invariably  required  silica  or  silicate- 
bearing  minerals  such  as  feldspar  or  talc  to  yield  strong 
ceramic -to-metal  seals. 
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e.  A  phot.oelastlc  study  of  the  tensile  test  specimens  dis¬ 
closed  and  allowed  the  calculation  of  bending  moment  forces 
in  the  seal  area  due  to  nonlinear  loading.  In  addition,  the 
stress  concentrations  which  can  cause  shoulder  breaks  are  now 
well  understood. 

f.  A  tensile  test  design  was  developed  in  which  shoulder 
braaks,  even  in  ultra -high-strength  ceramic-to-metal  seals, 
are  no  longer  a  problem.  Only  one  shoulder  break  was  en¬ 
countered  in  over  400  fabricated  and  tested  asemblies. 

g.  A  basic  investigation  of  ceramic-to-metal  seal  stress 
developed  a  method  for  solder  removal,  thereby  enabling 
accurate  stress  measurements.  Theoretical  work  indicates 
that  a  brazing  stress  constant  exists  which  can  be  calculated 
and  used  for  the  correct  determination  of  seal  stresses,  not 
only  for  ceramlc-to-netal  seals,  but  also  for  any  two  dis¬ 
similar  materials  brazed  together.  Experimental  data  in 
support  of  the  brazing-constant  theory  demonstrated  excellent 
agreement . 

h.  The  results  of  this  investigation  support,  in  general, 
the  Glass  Migration  Theory  of  adherence. 
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SECTION  D 
RECOMMENDATIONS 

10.  RECOMMENDATIONS  FOR  PDTDRE  WORS 

Seal  reliability}  using  the  Improved  sealing  com¬ 
positions  du7e'i.C};ed  under  this  contract}  should  be  stiidled. 
This  shoTild  Include  the  Importance  of  minor  and  major  changes 
In  processing  variables  Including  a  wide  range  of  factors} 
such  as  furnace  atmosphere*  metallizing  thickness }  sintering 
time  and  temperattire,  plating  thlcknesS}  and  brazing  pro- 
codures.  Criteria  should  be  established  to  bracket  the  maxi¬ 
mum  variation  which  can  be  tolerated  In  these  areas.  Work 
Is  also  recommended  to  determine  the  compatibility  of  the 
metallizing  procedures  for  tube  usage.  Factors  such  as  out- 
gassing,  cathode  poisoning,  life,  thermal  cycling,  and  r-f 
characteristics  require  study. 

Of  equal  Importance  Is  the  study  of  leak  path. 

The  mechanism  of  leaks,  their  origin,  and  elimination  require 
Immediate  study  and  understanding. 

Long-range  studies  are  required  In  the  areas  of 
ceramic -to-metal  seal  adherence,  particularly  where  100- 
percent  aliarf.nas  are  Involved.  When  the  sealing  of  materials 
other  than  alumina  Is  considered,  large  savings  In  engineering, 
manpower,  and  money  can  be  realized  If  complete  understanding 
of  adherence  mechanism  Is  available. 

Tho  Investigation  of  stresses  should  be  continued. 
With  the  mechanics  "  stress  calculation  now  available,  work 
should  be  laltlatea  to  determine  the  brazing  constant  for  large 
numbers  of  materials. 


50 


Additional  work  on  the  ceramic  itself  should  be  con¬ 
sider''!  in  long-range  thinking.  This  shotild  Include  the  use 
of  beryllia  ceramics.  The  creation  of  higher-strength,  lower- 
loss  ceramics  should  be  encouraged.  Basic  understanding  of 
electrical-loss  characteristics  in  the  various  solid  and 
liquid  phases  in  the  ceramic  is  important. 

In  general,  efforts  should  be  made  to  keep  the 
development  of  ceramic  and  ceramic-sealing  technology  at  the 
same  level  as  tube  technology. 
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l/l 


1/2 

1/2 


•a.pMT,  r./aif^  0  nci 
111  iwrt  rn— a* 
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tMU« 

naaua  or  Ttna  urn  towi  kb.  nm  pnocmD  oa 

arKiMM  lauuizB  vim  otnoi  nominaa 


1 

*>  k 

}i 

s « 

Fl 

C~' 

sf 

10  H 

A4iwr«»e« 

lotlac* 

fof^uo  fe«l 

Volao— 

« 

1*1 

(* 

3 

s. 

i-. 

Al 

270  V 

.’300 

Pf 

Pf 

P 

HQ 

0 

12t 

.900 

P 

p 

P 

0 

1/2 

30  P* 

1700 

f 

pf 

P 

■Q 

0 

2U0  Nb 

1300 

ID 

a 

n 

3/A 

l/A 

127 

30  Mfl 

HI 

■I 

Ml 

30  Co 

lAOO 

■3 

n 

m 

H9 

3/» 

3/A 

1500 

Id 

u 

EM 

7/8 

1/a 

2«0  No 

1*00 

PO 

p 

f 

Big 

TH 

126 

51  Ml 

1900 

0 

p 

If 

wSa 

Km 

9  Sn 

1800 

0 

p 

Pf 

QQy 

2AO  NO 

1*00 

PO 

PO 

3 

1 

Ba 

129 

91  Ml 

1900 

0 

p 

7/8 

5/8 

9  Tl 

1600 

a 

p 

J  1/2 

1 

2i0  No 

1'‘30 

PC 

PC 

p 

s  1/a 

2 

!/* 

w. 

1900 

0 

c 

PO 

i.'a 

5/8 

5/8 

waSSM 

1«00 

c 

0 

f 

3 

1  1/2 

1/2 

2*0  No 

1900 

0 

0 

K 

l/s 

7/8 

5/8 

i-*p 

1600 

0 

0 

PC 

3  1/2 

1  1/2 

1 

60  TIC 

1700 

0 

PO 

6  1/. 

3/4 

2*0  No 

1«0C 

n 

3/A 

K1 

133 

30  Ml 

1900 

13 

dh 

9/8 

MM 

■2m 

35.9  «rO 

I6iy» 

a 

19 

3/A 

ma 

la 

2*0  No 

1«00 

PC 

PO 

p 

SSS 

1 

■a 

IJA 

30  Ml 

1900 

PO 

p 

p 

Km 

5/8 

Hu 

30  III 

1<00 

0 

0 

p 

QUy 

a  i/a 

Ha 

2*0  No 

1*00 

PO 

PO 

PQ 

2  1/2 

2 

3A 

135 

30  Ml 

1900 

0 

0 

0 

5/8 

1  i/r 

30  T1 

;coo 

Q 

0 

PQ 

3  1/a 

3 

5/8 

2X0  No 

1400 

0 

PQ 

r 

2 

1  i/a 

3/A 

137 

EEu^H 

1900 

0 

0 

3 

3 

7/6 

■ 

tStSlH 

1600 

0 

0 

0 

a  i/a 

a  i/a 

1  1/4 

2A0  He 

lAOO 

0 

PO 

PO 

3  1/8 

3  l/» 

l>* 

30  Ml 

1900 

0 

0 

c 

2  1/A 

7/8 

Ha. 

30  *1? 

1600 

0 

0 

0 

A  1/2 

A 

Ha 

2A0  Ito 

1290 

p 

m 

IjH 

5/8 

3/4 

H' 

36  O'loMBl 

1300 

m 

•mIXiM 

1390 

If 

s 

3/4 

3/A 

3/4 

i.’9 

01m* 

1900 

PO 

p 

i^^l 

.1/* 

5/8 

5/8 

#5000 

19.2  Co 

A.6  io 

1 

I  I  i 


- 
i;' 


AAbffrvBC* 


A 

i  i  i 


Torqu*  PmJL 
ValtMM 


2^  No 
91  Ito 

9  nu 


uoo 

iSOO 

1600 


0  ro  r 

0  0  rr 

3  3  F 


1 1/»| 


3/* 
5/8 
3  1/2 


1 

1/2 
1  1/4 


?T6  No 
15  T- 
9  Tole 


UtOO 

1900 

1600 


ro  ra  r 
ro  p  rr 
0  fO  PP 


2 

5/81 

k  1/2 


Z/>* 

3/^» 


3/«» 

1/2 

V4 


279  No 

15  fm 
2  Koolin 
«  TOle 


1900 

1600 


ra  p 
0  p 


2  V2 


5/8 
5  1/21 


3/4 

3/“ 
1  1/2 


1/2 

1/2 

1/2 


2T9  No 
15  Ml 
2  lonto* 
nit* 

«  Koolin 


1900 

inoo 


0  p  pr 

OOP 


j/k 

k  1/2 


s/* 

5/8 
*  1/2 


U9 


2«C  No 
51  » 

6  lofito- 
nltv 
)  Koolin 


1900 

ifoo 


0  0 
5  0 


2  1/2 
3/^* 


1/2 

5/8 


193 


229  No 

^  lOi 

19  A1(0NL 


1*00 

1900 

i6or 


1290 

1300 

1390 

1900 


Q  0  • 
0  0  Pf 
0  0  If 


2  1/2 
1/2 
3  1/2 


1/2 
5/9 
2  1/2 


Pf  Pf  IT 

PO  P  P 
P  PO  Pf 
P  P  P 


1/2 


3/‘» 


1/2 


1/2 

3/k 


Hi 

I'H 


l/^ 

1/k 

1/k 


158 


100  ItoO, 
50  CoO 


1290 

1300 

1390 

1900 


PP  If  P 
Pf  Pf  If 
P  PO  PO 
p  p  p 


3/‘» 

3/k 


1/2 

3/A 


100  HbO, 
190  CoO* 
50H^j 


1290 

1300 

1350 

1900 


If  P  If 
PO  P  If 
r  p  PO 
p  p  p 


l/c 

1/A 

3/A 


UO  N*0< 
120  VOi^ 
60  Nl^ 


lAOO 

1500 

1600 


0  0  PO 
0  0  Pf 
9  0  0 


1/2 
5/8 
1  1/2 


1/2 

1/2 


sue  Nauj 

60  Nn 


lAOO 

1900 

1600 


0  0 

PO  P 
p  p 


PO 

Pf 


1/2 
1/2 
I  1/2 


5/8 

1/2 


60  NnO. 


lAOO 

1500 

i6oo 


PO  0  0 
0  0  0 
OOP 


1  1/2 
5/8 

2 


1  1/2 

V2 
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•P«pMr,  P-r«lr,  0  ftp 


COMpMtUOB 


lUU  $  (epnt.) 

umte  or  Atmaiu  mrs  m  ranut  na  nsrs  pn/oaa  oi 
sracoos  mtiUffa  vxtk  onta  comiruxs 


S  ^ 

}'i 


It 

«  k* 


iUJMTMM* 

iBtllC* 


ns 


irof^u*  PmI 
VaIua** 


a 

Pi 


»  ? 

Ft 


<>> 

0»  ^  M 

i  d  i 


Towfm  H*l 
rniMt** 


166 


167 


auc  VO) 

60  Hr 


akC  V 
51  m 

BlU 

6  KmXIci 


AO  VO) 
60  IM. 


;  lao  LlHaC^ 
l«  1* 

60  16 


’.TO 


m 


i73 


175 


m 


ac  M 
222  r« 

3  Cu 
15  m 


60  Mb 
2ta  u 

3  Cu 
15  C* 


60  16 
2tf  IH 

3  Cu 
21  CaO 


60  Hb 
m  ft 

3  Cu 
15  Oi 


60  Hb 

r  *2  ft 

3  Ci 


255  HB 
5C  HB 
15  LlgCO) 


lUOO 

1500 

1600 


fO  fO  0 
0  0  c 

0  fo  r 


1A 
1  1/2 
1 


i/J* 
1  */• 


1/2 

3/<» 


177 


135  Hb 
150  16 
15  U;CO) 


1400 

150t 

1600 


0  0  M 

0  0  M 

fO  f  f 


3/1 


V2 

7/6 


1500 

1600 


IT  rr  f 

pr  ff  f 


3/‘* 


3/* 

3/‘» 


3/4 


1/2 


3/4 

3/4 


179 


1400 

1500 

1600 


0  fO  f 

0  0  0 

0  0  0 


3/4 

1/2 


3/4 
1  1/2 

:/4 


3A 

1/2 


1300 


140C 

1500 


fO  0 

0  0 


3/4 


1/2 

5/6, 


3/4 


3/4 

3/4 


1300 


1400 

1500 


If  ir  ir 

ff  f  f 


1/4 


3/4 

1/2 


3/4 


1/2 

3/4 


J300 


1400 

1500 


f  If  #» 
P  f  I 


1/4 


1/4 

l/'2 


!/• 


3/6 

5/6 


1/4 

5/6 


1300 


1400 

1500 


f  ff  f 
f  f  f 


1/4 


1/2 


3/4 


V2 


1400 

1500 


fO  f  0 
f  f  f 


1/4 


1/4 

1/2 


;a 


3/4 


1/2 

1/2 


1300 


1400 

1500 


OOP 

f  f  f 


1/4 


1/2 

3A 


1/4 


lA 

1/2 


i«go 

.r»c 

;6oo 


0  f 
fg  2 
0  If 


3/4 
1  1/4 


1/2 
J/4 
3  1/2 


7/6 

1/4 


195  HB 

61 

35  U,COj 


1400 

1500 

1600 


0  0  fO 

fO  fO  f 

OOP 


1  1/4 
1 

2 


1/2 

7/6 

1/2 


l6o 


163 


*65  ZircBB 

iO  ZiO, 

66  f»)l 

12  Uttltn 

18  IB^CO* 

21  0'ld66l 

St*llB« 

OUtt 

95000 


1300 


1400 

1500 


0  0  0 

f  f  f 


1/4 


3A 


1/4 


3A 


lA 


1/4 


240  COTBlat 
7052 
%5  2*a[0* 

15  Hb  ^ 


1300 


1400 

1500 


COO 

f  f  f 


1/4 

1/2 


1/4 

1/4 


240  Cr 

60  O’SiMtl 

•taitBO 

OUm 

95000 


1400 

1504 

16C0 


fO  IQ  f9 
ff  f  P 
Off 


V2 

1/2 


1/4 

1/4 


1/4 

V2 


24C  ft 
60  O'lBMBl 

ftallBf 

OUtt 

95000 


1250 

lyou 

*350 

1500 


0  0  0 
0  0  0 
0  0  0 
P  P  0 


1/4 

5/6 


1/2 

1/2 

‘  1/2 


120  Al^ 
120  O’ternml 

fMllBf 

OUtt 

95000 

60  ft 


1)00 


1400 

1500 


PO  0  PB 

0  0  9 


3/4 

5/6 


5/6 

1/8 


lA 


5/8 

5/8 


titling 

OlBtf 

95000 


1300 


1400 

1500 


P  PO  IQ 
P  P  P 


1/2 


3/4 

3/4 


5/6 

3A 


1/2 


5A 


120  Al-Oi 
121)  O’tatel 

•tallBO 

Olatt 

95000 

60  Cu 


1400 

1500 


0  0  0 
coo 


3A 


»/8i 


s/8 


•8.^Mr,  r-mr,  ».(M« 

I  In 
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CoVMltlOC 


Co-.iXMltion 


TftaLb  9 


RkUULTS  or  COH^IVSJIOII  T£TS  FtOl  rfbTALLIZO)  Di:^ 
siHTOio  AT  iyyj^c  \taiwi  EA?gLOiijrTU  HerALLiz.iic  NixTUUij 


Cdapodltion 

tm 

^ifht  (I^) 


CflBprvciiion  L  ad  (lb) 


A0-9A  A0-9<t  UL>^3 


y 


(9) 


Tfpi'iniw 


•d  (lb) 


aL-23 


210  Ho 
9U  U 


210  Ho 
96.5  ii02 
45  Mn 


Hi  Ma 
41  di02 

26  MiO 


:55  Ho 

46 

22  “ 


246  >k 

3.75  LUhiuB 
Hkncanuto 


.5  Mo 

,'j  LiUil* 


1500 

1100 

133)« 


230C 

lOoJ 

M. 


700 

3200 

im 

1733» 

IJO*. 

^  Tl 
3433* 


5CO 

«»OQ 


265 

15  Llthlia 

titAAata 


240  Ro 

24  Hn 

18  r« 

9 

9  r:40‘ 


:8oo 

^AA/ 

r 


500 

250 

350« 


)99 


240  Hu 

45  Mr 

15  r* 


160  Hu 
105  Kn 
15  U 


>X  HoO^ 


900 

uC ) 


1700 

UOO 

158* 

2200 

3300 

m. 

130C 


uoo 

900 

pBB 

loo^ 


2600 

24t30 


*AT*r»f« 

for  t«tuLl«  t4«'  Vnf 
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tULK  U 

MtSULTS  or  C(MJ1U2iJlOll  TEmi  fKCM  MITAIXl^D  DUOS 
:;iirraifr  at  u:;iNC  maiitafTAL  MerAUJZtA  MizruMb 


*Av«r»c* 

^3*I*etad  far  twieU.*  t< 
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tOLE  U  (Com.) 

ittauLTs  or  ccMPiucssioR  TESTS  not  NerAuizo  msec 

SlffTOUD  AT  W.f'  :(5llC  arOIZKSrTAL  MCtALLIZIlC  NU7VUS» 


r?«  t'  .'il«  Urtinf 
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tABLI*  11  (Coftt.) 

miTS  or  ccHnotfioR  rtsrs  mm  tcTALUzo  discs 
sivnnB  AT  iwrc  uain  ukrdmtai  MRAiunK  Niznms 


OoapMitioa  I  CoapTMuli^n  Load  (Ib) 
•od  ' 

W«l4bt  (^)  I  AD>>»  I  AD-^96  I  AL-23 


ik>)  J40  No 

Ifel 

ii  BiRtonlt« 
i  Kddila 

NU 

bO  Ml 
li  A1(0!<). 


<0  Al.O, 

jL>«URd  GUeu 
rM^ 

^  Al.O; 

9C  O'Ao^tfi 

dMUn<  0;«ao 

i:<*:  M) 


rOLK  u 


U.VL7J  or  C(jKnifei;::tuN  rt-:?.;  mut  MirrALLtzo  oixs 

^iiUTBUS  AT  1<Ka.*C  UJIX  t:i9dlI>iaiTAL  MATALLIZIIC  MlXnOUS 


Ij 

r 

C  «po^ltlon 

Ccaproooloa  Lood  (lb) 

p 

CoBp&rttlon 

Loru  (lb) 

a 

UtithT  '^) 

AXP94 

B 

(^) 

AD-94 

AD-96 

AU23 

■ 

210  Ho 

90  Me 

1200 

9^ 

116^ 

32 

299  Ho 

49  Tl 

iTon 

2200 

n 

2ii  m 

96.9  3102 

21j0 

Muo 

2000 

2900* 

LlOO 

400 

IVUO 

IW 

2100 

190C* 

33 

210  He 

150  TIO2 

2800 

1900 

WlA 

2100* 

1000 

xoo 

ittfi 

1000* 

n 

21T  Ho 

1J2.9  ft02 

3100 

1700 

1500 

2767« 

X 

259  Ho 
nca 

1800 

2100 

1900* 

n 

210  Mo 

90  4a 

3300 

'  .vrx 

1900 

1000 

35 

210  Mo 

90 

96.5  3102 

lim* 

UOO 

Jtt 

1000* 

H 

299  Mo 

>1  Mf2 

>  4000 
230U 

>  - 
'  91u0»’ 

UX 

ICOC 

3100 

1900« 

43 

210  Mo 

90  Foldapor 

ooc 

1300 

160O* 

1300 

UOO 

IS. 

uoo 

1300 

m 

U67* 

u 

299  Mft 

49  Zn 

3‘»oo 

2300 

U 

255  Mo 

45  folclapor 

1700 

2300 

dsa 

TOO 

900 

1300 

900 

21uO» 

1233» 

19 

299  Mo 

94  ZnO 

21X 

>4000 

*mir 

400 

44 

255  He 

45  tHIir 

900 

uoo 

800 

300 

600 

900 

-ig. 

ij 

295  Ho 

60  2r02 

>4000 

>4000^ 

1 

93 

255  Mo 

4i  SiC2 

28  ZnO 

m 

900 

!». 

300 

1000 

900 

l/JW 

i6fl0 

1233* 

31 

2t»9  Ko 

49  Kn 

2000 

U.C 

2^ 

TZb* 

X 

255  Mo 

a  6102 

2.  Z0 

2000 

1900 

ijg. 

24 

29;  r.-> 

71  »M3 

>4000 

>4000 

>010^7 

57 

150  Ho 

91  Me03 

150  MfO 

600 

80b 

iS. 

35 

259  Ho 

98  Hr£ 

1/:^ 

2100* 

65 

292.5  Mo 

7.5  Tl 

31« 

2300 

2333» 

1600 

UOO 

sg. 

31 

ro  Mo 

90  n 

21X 

2100 

ZZ-OO 

23»« 

1X0 

2QQQ 

l690» 

ux 

66 

285  Mo 

15  Tl 

Sfitn 

1X43 

»33» 

1305 

1000 

a4J0* 

•kr9nc* 

T  for  Ttfiallo  TmiIac 
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TABU  12  ) 

urn  :s  CP  ccMpnesioii  ti:st3  pkm  nttMLLiia  otscs 

iUiTorr  <r  usinq  e^sumoital  nctaluziio  mnuus 


I 

1 

CaprOti.' 

'l^n  Land  (lb) 

P 

C-Uip  ..llloA 

n  ^ 

C?..prwit0j  Lo*d  (lb) 

yi 

itolfht  Ipi) 

40-94 

'4U23 

^  1 

1  4*l4:bt  (^} 

1*23 

QQI 

AW3 

lU 

■ 

2200 

2'O0 

IsMQ 

UDQ* 

■ 

135 

240  Me 

30  No 

30  T1 

3200 

3600 

)ooo 

SCO 

^8“,. 

iX 

»4000 

3900 

9 

136 

240  N» 

X  Ih 

U  21O2 

1900 

m. 

2600 

1500 

m. 

U1 

ZTf  Hj 

3  4 

>4000 

>  4000 

>  400C^ 

1600 

1300 

ISOlJ 

U6T« 

137 

210  No 

X  Ml 

X  ft 

41  XiO) 

2600 

2800 

ss. 

1600 

700 

146^ 

ICOO 

uco 

SB. 

122 

291  Hd 

9  2 

>4J00 

>4000 

>  4000^ 

9 

138 

140  ^ 

240  M* 

X  Mo 

X  nc 

1600 

1300 

i6tt 

1500* 

600 

1000 

-e. 

U3 

1 

270  Mo 

30  2  i 

>4000 

>  4000 

>  4000^ 

1100 

900 

900* 

i 

240  Mo 
>4  an 

9  14U 

2300 

2400 

990 

1000 

liffi 

1000* 

1000 

900 

m\ 

rji  Mo 

51  Nn 

9  2a 

1 

2700  , 
2000 

TtJJ* 

ui  ! 

291  M> 

9  1M1« 

3700 

3400 

58^ 

1700 

2D0C 

196^ 

129  1 

240  M»  1 

51  Mb 

9  n  1 

170U 

2500 

U2  1 

276  Mi 

15  Pb 

9  tbU 

3600 

3800 

gf^ 

700 

700 

U:  1 

1 

24u  Mo 

51  Ml 

IP  ZrO, 

2300 

1600 

m 

1700 

800 

aiM 

1633 

143 

2^  Hi 

15  P6 

2  UaliM 

4  IMU 

3600 

3100 

>4000 

>375^ 

900 

1000 

iSl 

Ui 

240  Mo  I 

42  Nn  1 

9  n  i 

U  Zr03  1 

2Soa 

nioo 

iS^ 

1400 

700 

^||]Q 

1300 

I 

144 

pij 

3900 

2100 

SS^ 

900 

nijft 

fflg. 

U2 

240  No 

60  TIC 

1 

2800 

3300 

2900* 

1 

i 

1 

145 

240  Mo 

51  m 

6  iMiofilU 

3  iMliJI 

1700 

1500 

1Eo» 

uoo 

1200 

SB. 

Ui 

240  N» 

30  No 

X  20 

3600 
>  4i>'.; 

%r 

ij:  1 
1-' 

U6l 

j 

153 

225  Hi 

60  Ito 

15  U(0i)3 

1700 

3400 

1200 

1400 

lano 

i3oS» 

>  3467*^ 

1X0* 

2500* 

C«apo«ltloo 


TABLS  12  iConU. 

UOJLtS  or  CCMFKKSSION  TtSTS  /KM  MrULLIZED  DISCS 
SINTBIS)  AT  1600*0  USING  fiCraUMBiTAL  METALLIZING  MIXTURES 
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76 


TOU  13 

UaUtTS  OP  CTNPUSSIOH  tcSTS  fhM  SOAILIZB}  DI3C3 
JIMTOUP  A?  190C*C  UCUC  EUPkPOtaitAL  HEtAUlZltC  HIXlVUS 


PI 

PI 

Cottpotfltion 

C(.«pr«4JiM  L..od  (ih)  1 

Rl 

CuApoel’  .:4* 

Load  (lb)  1 

IBM! 

■■Mi 

ifl 

Allkt  (9! 

4D^ 

AL-23 

iili 

(fi) 

BSil 

BSI 

< 

210 

IJOO 

1300 

65 

292.5  Mb 

1200 

2700 

1(12.5  AOj 

1  2-^00 

7W 

7.5  n 

iXL 

2200 

1750* 

HOD  • 

'937* 

355?.‘ 

7 

2lU  H< 

1  UTO 

66 

i  235  No 

>  If  1 

2100 

9; 

'  2000 

15  n 
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